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1 Foreword

1.1 From the Chairman

John Jowett, CERN

mail to: John.Jowett@cern.ch

This issue of the ICFA Beam Dynamics Newsletter has been edited by Dr Yoshihiro
Funakoshi who has chosen the special theme of High Luminosity e'e” Colliders. I believe
that he has compiled a very interesting and timely survey that will be of interest for a long
time to come. Back in the mid-1980s, e’e collider rings were thought by some to be
reaching fundamental or, worse, economic performance limits in energy and luminosity and
that there was little left to be done with them. Early proposals for double-ring multi-bunch
factories with luminosities of order 10%cm™s™ seemed, to some at least, to rely on optimistic
extrapolations of doubtful schemes.

Since then, perceptions have changed! The machines that ran through the 1990s and into
the present century have swept aside supposed limits to beam-beam parameters, beam current,
energy, crossing angles, transverse and longitudinal polarization level and, most
spectacularly, luminosity. And there are still good ideas that have yet to be fully exploited.
Might there be, for example, a physics case for building a high luminosity Z-factory to
collide longitudinally polarized beams? The potential of the e’e” collider ring technology is
still far from being exhausted.

In recognition of this, the Beam Dynamics Panel has an active working group on High
Luminosity e'e” Colliders (founded by Dr Funakoshi and now chaired by Dr Caterina Biscari)
that brings together accelerator physicists working on the current generation of machines.
The next ICFA Advanced Beam Dynamics Workshop (e+e- Factories 2003, to be held at
Stanford on 13-16 October 2003) is also devoted to this evergreen topic.

The December 2003 issue of the Beam Dynamics Newsletter will be edited by Dr Jie
Gao and will contain a special section on the topic of “Linacs for Future Linear Colliders”. It
will include contributions from our colleagues in the other ICFA Panel on Advanced and
Novel Accelerators.

1.1.1 Changes in the Beam Dynamics Panel

ICFA has appointed Dr Jie Gao of the Laboratoire de L'Accélérateur Linéaire, Orsay,
France, as a new Panel member. As previously announced, Dr Junji Urukawa of KEK has
also now joined the Panel. On behalf of the Panel, I would like to welcome these new Panel
members.

By now, most of us will have heard the very sad news of the death of Jean-Louis Laclare.
Among his many achievements, he was formerly a very active member of our Panel and the
founder of the Working Group on Future Light Sources. I would like to draw all readers’
attention to the obituary by Anick Ropert available at the Working Group’s new web site



http://www.aps.anl.gov/asd/ICFA/ICFA-FLS.html

or via the Panel’s home page.

1.1.2 ICFA Advanced Beam Dynamics Workshops for 2004

In recent years, ICFA Advanced Beam Dynamics Workshops have been occurring at a
steady rate of 3 or 4 per calendar year. I am pleased to announce that, at its meeting in
Fermilab on 15 August 2003, ICFA approved three new proposals for Advanced Beam
Dynamics Workshops in 2004. These are

® The 31st ICFA ABDW: Electron Cloud Effects "ECLOUDO04", Berkeley, USA, 19-
22 April 2004.

® The 32nd ICFA ABDW: High Current, High Brightness Electron Injectors and
Energy Recovering Linacs for Future Light Sources and Colliders, USA, late spring
2004.

® The 33rd ICFA ABDW: High Intensity High Brightness Hadron Beams "HB2004",
Mainz, Germany, September 2004.

Further information about these workshops will appear in this and the next newsletter
and will always be available from the Panel’s home page:

http://wwwslap.cern.ch/icfa/

As always, thanks are due to the organisers of these and previous workshops for the
valuable service they give to the international Beam Dynamics community. Organizing a
workshop from the initial planning through to final publication of proceedings is a
considerable undertaking over many months.

1.2  From the Editor

Yoshihiro Funakoshi, KEK

mail to: yoshihiro.funakoshi@kek.ip

In this issue of the ICFA Beam Dynamics Newsletter, we have a special section which
deals dedicatedly with the high luminosity e+ e- colliders. To focus discussions on common
issues among the machines, we confined ourselves to issues of circular colliders. In this field,
Working Group on High Luminosity e+ e- Colliders chaired by C. Biscari at LNF has been
formed within the Beam Dynamics Panel and has been playing an important role. This issue
aims at giving a reference or a basis for further discussions in future in this field. Also this
issue includes some outcomes of the working group such as a database on machine
parameters of each machine. A motivation of the editor of this issue consists in summing up
our present knowledge of the most critical issues in these colliders from the viewpoint of
beam dynamics, together with giving clear views of the present status of each machine and
its future plan.
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2 High luminosity e+ e- colliders

2.1 Beam-Beam Simulations for VEPP-2000

1. Koop, E. Perevedentsev, Yu. Shatunov, A. Valishev
mailto: valishev@inp.nsk.su

Budker Institute of Nuclear Physics
Lavrentyeva av. 11, 630090, Novosibirsk, Russia

2.1.1 Introduction

The round beam collider VEPP-2000 at Novosibirsk [1] is at the stage of construction at
the moment. Although the machine design is fixed there is some freedom in the optics tuning
which can have impact on the beam dynamics. One of the critical issues of the project are the
beam-beam effects. The design goal of the beam-beam parameter for the round beam is 0.075
at energy of 1 GeV per beam and 0.1 (or higher) as an option to be tested.

Previous studies have shown strong dependence of the beam-beam phenomena in the
round beam on the nonlinear betatron dynamics, e.g. due to sextupoles [2]. Hence, the beam-
beam problem for VEPP-2000 was studied together with the choice of main optical
parameters: betatron function at the interaction point, working point, sextupole chromaticity
correction scheme.

In this report we give a summary of numerical simulations of beam-beam effects for
VEPP-2000 to justify the choice of optics parameters. We used two approaches: the strong-
strong simulation with a modified version of Ohmi’s code [3]; and the weak-strong model
where this code is compared with Shatilov’s LIFETRAC [4].

2.1.2 Machine parameters

Here we briefly recall main parameters of the machine important for simulations. VEPP-
2000 design consists of two symmetrical arcs with two diametrically opposite symmetrical
Interaction Points. In the main regime the transverse betatron modes are rotated by the final
focus solenoids by +m/2in one IP and by -sx/2 in another which results in equal
emittances. Requirement of conservation of the longitudinal component of the particle’s

angular momentum results in equal B -functions and fractional betatron tunes. Both e~ and

e’ beams contain 1 bunch. Beam energy in simulations was 0.9 GeV. Table 1 shows the
parameres of VEPP-2000 which resulted from optimization.

2.1.3 Strong-strong case

The strong-strong case presupposes solution of self-consistent problem for the system of
two colliding beams. This model is more realistic compared to the weak-strong one but at the
same time more difficult to realize and requires considerable computer resources. The
computer code developed at KEK by Ohmi shows good agreement with experimental data
for KEKB. It is described in detail in [3]. For our simulation we modified the part of the code
responsible for arc transformation: sextupoles were introduced as thin elements with linear
transformations between them and random excitation was changed to include the dynamical
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emittance change [5]. Since the damping time for VEPP-2000 is 10 times larger than for
KEKB, the tracking time increases in proportion. Hence, we used the 2-D version of the code
with infinitely thin bunches, excluding longitudinal effects. For further reference we call this
code ‘BBSS’.

Table 1 Main parameters of VEPP-2000.

Parameter Value
Circumference 24.38 m
Momentum compaction 0.036
Synchrotron tune 0.0035
Energy spread 6.4x107
Beam emittances (X,y) 1.29x10”" mrad
Dimensionless damping decrements (X,y,z) 2.19%107°,2.19x107°,4.83x107°
Betatron tunes 4.05, 2.05
Betatron functions @ IP 10 cm

Initial design parameters were 8 =6.3cm, £ =2.2x107 m rad and fractional betatron
tune v =0.1. Simulation without sextupoles has shown that values of & as high as 0.15 can

be reached without degradation of luminosity. However, this optics has limited aperture, both
dynamical and physical which is limited in the solenoids of the final focus. Limited
dynamical aperture results in degradation of the beam life time at & higher than 0.06 even

without beam size blow-up.
This problem initiated the search of new optics aimed at increasing the aperture.
Increasing of the " value from 6.3 to 10 cm with simultaneous reduction of the beam

emittance allows to conserve the beam size at IP and luminosity at constant bunch population.
The betatron tune was changed to 0.05. Together with improvement of the phase relations
between sextupoles this resulted in enhancement of the aperture. Figure 1 shows the
simulated dependence of the beam size and luminosity on the nominal beam-beam parameter.
With the new optics parameters no particle losses were detected in simulation up to § =0.1.

120 | | | | 10
M X__){~_%%_‘)< ]w
| o
100 15
(& ]
é 80 .
S =
260 =
g z
S 40 :
8 £
20 :
| O 7;_]

0 - Py g
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S

Figure 1 Beam size and luminosity vs. the beam-beam parameter. Strong-strong 2-D simulation.
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2.1.4 Weak-strong simulation

Because of its speed, the weak-strong model is good for preliminary estimates. We have
at our disposal a well-tested code LIFETRAC by D. Shatilov [4]. BBSS also can be run in
quasi weak-strong mode when intensities of the bunches differ significantly (by several
orders of magnitude) and it was a good test to compare the two codes. Figure 2 presents
results of calculations with sextupoles switched off. At moderate §’s the simulated
emittances do not differ, while at high values of the beam-beam parameter BBSS exhibits
bigger beam blow-up. The same situation is seen in Fig. 3, where a similar comparison is
shown with sextupoles on. This difference can be explained by the 3-D effects which are
excluded in the quasi weak-strong calculation (BBSS). Although the ratio of the bunch length
o. and B’ is 0.25, the hourglass effect might act on the interaction. The next step of the

comparison is to use the 3-D version of BBSS code which is available but very demanding to
computer resources.

The weak-strong calculation does not exhibit a serious difference with the strong-strong
one (see Fig. 3 which contains two points for the strong-strong case with the same
parameters). As regards the beam life time, the threshold predicted by the weak-strong codes
is higher — particles are lost from the beam at §’s above 0.12 for BBSS and 0.15 for

LIFETRAC.

. -—r-:::.":;.:_—_::,':_:_

Emittance (10‘7 m rad)

0.5

0 0.05 0.1 0.15 0.2 0.25
g

Figure 2 Emittance of the weak beam vs. the beam-beam parameter. Sextupoles off. 1 - LIFETRAC, 2 -
BBSS in weak-strong regime.
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Figure 3 Emittance of the weak beam vs. the beam-beam parameter. Sextupoles on. 1 - LIFETRAC, 2 -
BBSS in weak-strong regime.

2.1.5 Summary

Both weak-strong and strong-strong simulations of beam-beam interaction for round
colliding beams at VEPP-2000 predict a possibility to reach the design luminosity of
1x10*cm™s™"at 1 GeV. With unlimited dynamical aperture the beam-beam parameter can
be as high as 0.2 without degradation of luminosity. Chromaticity correction sextupoles limit
the dynamical aperture and lead to decrease of the beam life time at &’s above 0.1.

Meanwhile, sextupoles do not cause beam blow-up and do not set a beam-beam limit.
Comparison of two weak-strong codes did not reveal a significant difference in the results.
Existing discrepancy could be explained by 3-D effects, e.g. hourglass effect excluded in one
of the codes.

Future efforts will be concentrated on the 3-D strong-strong simulation and on
improvement of the arc tracking. Higher order nonlinearities such as cubic should be
implemented, since the lattice of VEPP-2000 contains strong solenoids. Their fringe-fields
might have a serious impact on the beam dynamics.
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2.2.1 Introduction

The Frascati ®-factory DA®NE is an e'e collider designed to provide very high
luminosity at the energy of the ®-resonance (1020 MeV in the center of mass) [1]. The most
relevant DA®NE parameters are summarized in Table 1. The layout of the collider is shown
in Fig. 1.

The first experimental detector KLOE [2], aimed at the study of CP violation, has been
installed in the Interaction Region 1 (IR1) of DA®NE in March 1999. Since then the collider
alternated machine study and physics data taking shifts. Later, a small non-magnetic
experiment for the study of the properties of kaon atoms (DEAR [3]) was installed on the
second IR. By collecting about 107 pb™' of the integrated luminosity in 2002, the DEAR
experiment has completed its experimental program on observation of the kaonic nitrogen
and has made first experimental tests on the hydrogen target.

Figure 1: DA®NE Magnetic Layout



Table 1: Main DA®NE Parameters

Beam Energy [GeV] 0.51/ring
Circumference [m] 97.69
RF Frequency [MHz] 368.29
Harmonic Number 120
Momentum Compaction 0.02-0.03

RF Voltage [kV]

120-170 (present operation)
250 (nominal)

Natural Bunch Length [cm]

~1.4 (at 120 kV)
~1.0 (at 250 kV)

Damping Time [ms]

17.8 (longitudinal)

36.0 (transverse)

Emittance [mm mrad]

1.0 (design)

0.6 (present operation)

By/Px at IP [m]

0.045/4.5 (design)
0.027/1.7 (present operation)

Coupling, %

1 (design)
0.2 (achieved)

Maximum Beam Current [A]

2.1 (electron ring)

1.3 (positron ring)

Design Luminosity [cm'2 s'l]

1.2x10°* (phase 1)
5.0x10°* (phase II)

Achieved Luminosity at KLOE [cm™s™] 0.8x10*
Achieved Luminosity at DEAR [cm™s™'] 0.7x10™%
Integrated Luminosity at KLOE [day/pb] 4.8
Integrated Luminosity at DEAR [day/pb] 2.2

15

During the collider shut down in the first half of this year, the experimental detector
FINUDA [4] has been rolled-in and now it is ready for data taking. The experiment is
dedicated to the study of hypernuclei physics. During the four years of machine operation
both the peak and the integrated luminosity have been steadily increasing, as shown in Fig. 2.
The maximum peak luminosity for the KLOE experiment has achieved 0.8x10°* cm™ s with
the maximum daily integrated luminosity of 4.8 pb'. The total integrated luminosity

delivered so far to KLOE amounts to 530 pb™.

The maximum peak luminosity of 0.7x10** cm™ s in the runs for DEAR has been
obtained by trying the collider operation with 100 consecutive bunches (out of available 120)
[5]. This has allowed almost doubling the daily integrated luminosity, from 1.1 pb™ to 2 pb™',
with respect to the operation with 50 bunches separated by 1 empty bucket, thus helping to

complete the DEAR program.
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Figure 2: DA®NE Integrated Luminosity.

This progress became possible due to continuous machine physics study. The major
steps, which have led to the luminosity performance improvement, can be summarized as
following:

— working point choice;

— coupling correction;

— nonlinear beam dynamics study;

— implementation of the “detuned” optics;

— reduction of both vertical and horizontal beta functions at the interaction

point (IP);

— single- and multibunch instability cures;

— gradual collider parameter optimization.

Besides, a basis for further luminosity performance improvements has been created:

— a reliable linear optics model has been elaborated and successfully applied for the
collider optimization. Substantial efforts have been invested to explore the machine
nonlinear behavior since further luminosity improvement is impossible without
knowledge of the nonlinear beam dynamics;

— intensive numerical simulations of beam-beam effects have revealed the importance
of the working point choice, coupling, crosstalk between beam-beam effects and
lattice nonlinearities and this has been proven in practice. The simulations have
provided us with guidelines for future luminosity improvement;

— we have created tools, techniques and methods for deeper machine studies;

— analysis and cures of beam instabilities have allowed colliding stable beams with the
world record level currents. There are no serious obstacles now to push the beam
currents above 2 A.

In this paper we give a synthetic overview of the above listed activities. More details can
be found in published papers quoted in References. We also discuss our proposals aimed at
increasing the luminosity to meet the ultimate design goal and to exceed it.
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2.2.2 Present Working Point

A systematic study of beam-beam effects in DA®NE both analytical and numerical [6],
started well prior to the collider commissioning. Among predicted best working points those
at (0.09; 0.07), (0.10; 0.14) and (0.15; 0.21) were suggested. It has been shown that due to the
long damping time (in terms of revolution turns) and weak noise, even rather high order
beam-beam resonances can affect the collider performance. In particular, tune scans
performed with BBC [7] and LIFETRAC [8] codes indicated that:

— the betatron resonances up to 6-8 order affect the beam core and lead to the beam

blow up;

— the resonances up to 11-12 order influence the distribution tails and may limit the

lifetime;

— the tail growth is sensitive to small tune variations of the order of ~ 107;

— the only working point on the tune diagram above the integers where the project

parameters can be met is (0.09;0.07) and a limited area around this point;

— the beam-beam tune shift parameter of &,y = 0.03 (lower than the design value of

0.04) without core blow up can be reached at the point (0.15;0.21) and (0.10;0.14).

— for the working points (0.09;0.07), (0.15;0.21) and (0.10;0.14) the distribution tails

are confined well within the dynamic aperture.

During “Day One” collider commissioning (without the experimental solenoidal
detector) the working point (0.15; 0.21) was chosen for collisions instead of (0.09; 0.07).
Despite reduction in expected luminosity in comparison with the point (0.09; 0.07), the
chosen point has a number of advantages appreciable at the commissioning stage:

— the closed orbit is less sensitive to machine errors;

— easier coupling correction;

— larger dynamic aperture;

— smaller second order chromaticity term;

— etc.

An intensive numerical study has been carried out for the given working point [9],
considering different factors affecting the collider luminosity performance such as the
separation at the second interaction point (IP), vertical crossing angle, lattice nonlinearities,
parasitic crossings, interaction with two IPs etc.

The luminosity of 1.6x10°” cm™s™ obtained in single bunch collisions was close to that
estimated by BBC and LIFETRAC (2.2x10°° cm™s™). Experimental tune scan around (0.15;
0.21) showed that the beam-beam lifetime agreed well with LIFETRAC tail growth
predictions [10]. That is why the commissioning with the installed experimental detector
resumed at the same working point. However, it was found that the nonlinear beam dynamics
was different for the electron and positron rings at this point. This fact pushed us to start
studying the nonlinear dynamics more intensively and led to working point evolution during
the commissioning.

The evolution of the working points in the two rings with reasons explaining the
eventual changes is shown in Fig. 3.
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Figure 3: DA®NE working point evolution.

At the beginning of the commissioning with KLOE we found out that the electron beam
lifetime was very low in the vicinity of the working point (0.15; 0.21) even without beam-
beam collisions. On the contrary, the positron beam lifetime was good.

As the first step, we changed the working point in the both rings from (0.15; 0.21) to
(0.10; 0.14) which, according to simulations, also could provide an acceptable luminosity
performance. The situation completely reversed for this case. In collisions there was no
observable beam blow up for both the electron and for the positron beams up to 7-10 mA per
bunch. However, the lifetime of the positron beam was bad, presumably due to the sextupole
resonance 3Qy = 2Qy, while the electron beam lifetime was good.

As an intermediate step, the working point (0.07; 0.14) situated at the resonance
2Qx=Qy was tried for positrons. The lifetime was improved for the point, but we
encountered injection problems and also a strong transverse instability was observed there.
Yet another negative feature of this point was variable beam blow up: at high currents per
bunch the beam core tune was shifting far from the resonance 2Q, = Qy thus avoiding beam
blow up due to that skew sextupole resonance. But for smaller currents the tune shift was
decreasing and beam blow up due to the resonance was observable.

Finally, it was decided to run the collider at the asymmetric tunes, i. e. to return back to
the working point (0.15; 0.21) for the positron ring and to move the electron ring at the point
(0.10; 0.14). After gradual optimization of all collider parameters such as injection,
luminosity, lifetime, coupling etc. the working points slightly drifted to (0.1539; 0.21) for e”
ring and (0.1174;0.17) for the electron one. These tunes are used so far with possible small
variations around them for further fine optimization either of the lifetime or the luminosity.
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2.2.3 Coupling Correction

Usually, beam-beam interactions are simulated without considering what is an actual
source of betatron coupling. One assumes a linear optics between collisions at the IP and
coupling is introduced as a ratio between emittances in the vertical and horizontal planes,
respectively.

In a real machine different sources can create the same coupling: skew magnets, residual
vertical dispersion, solenoids, off-axis sextupole magnets etc. Depending on the coupling
sources and their distribution along the ring, the normal betatron modes can propagate in a
different way down to the IP. As a consequence, beams may interact differently at the IP
resulting in different core blow up and tail growth.

In order to estimate how the design coupling of 1% can affect the luminosity of DA®NE,
we performed numerical simulations with LIFETRAC. For this purpose LIFETRAC was
modernized to be able to match the lattice input from MAD with beam-beam simulations
[11]. In this way we could simulate different sources of coupling [12]. In particular, as shown
in Fig. 4, we compared the results of the simulations when 1% coupling was created by:

— one arbitrary skew quadrupole;

— all available skew quadrupoles;

— due to misalignment of the low  triplet in the KLOE interaction region;
— higher than nominal KLOE detector solenoid field;

— non explicit coupling (traditional way of simulations).

As we can see, the beam core blow up in both transverse planes varies in a wide range.
The vertical blow up is small in case of non-explicit coupling and reaches a factor of 4.5
when all skew quadrupoles are adjusted to create 1% coupling. This was a clear indication of
necessity to start machine coupling study and correction.

Details of the machine coupling study and consecutive correction are described
elsewhere [13]. I just list principal steps that have led to notable coupling reduction:

— global coupling correction with skew quadrupoles;

— adjustment of the KLOE interaction region: KLOE detector solenoid and
compensator magnet current variation;

— corrector strength minimization;

— residual vertical dispersion correction;

— nonlinear term minimization;

— working point fine tuning.

As a result, coupling was reduced down to 0.2% for both rings and the luminosity in
single bunch collisions increased approximately by a factor of 2.
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Figure 4: Beam-beam blow up [8] due to different coupling source.

2.2.4 Nonlinear Dynamics Study

As it is well known, lattice nonlinearities can affect significantly beam-beam
performance. So, nonlinear dynamics study was considered as an important task for
luminosity increase.

The following main techniques were used for that study and performance optimization:

— tune scan;

— dedicated orbit bumps inside incriminated magnetic elements;

— beam decoherence measurements;

— second order dispersion measurements and minimization;

— dedicated octupoles for the cubic nonlinearity and second order chromaticity

correction.

The tune scan was used to define safe areas for beam-beam collisions on the tune
diagram non affected by nonlinear lattice resonances. By changing the tunes we were
observing the lifetime and blow up (roundness at the synchrotron light monitor) of a single
bunch. We were surprised that for some tunes situated far from the principal sextupole
resonances the beam was dying or beam blow up was observable even without beam-beam
collisions.

By analyzing the result we found out that the lattice nonlinear resonances up to the 6™
order were responsible of the effect. For example, the resonances 2AQ,+4AQ, = 2,
2AQx - 4AQy =1, 3AQy - 2AQy =2, AQx + 4AQy = 1, 4AQy + 2AQy = 3, 4AQx + AQy = 2 and
others were clearly detectable. The tune areas near the resonance intercrosses were
particularly dangerous driving beam blow up or leading to a dramatic beam lifetime
reduction.

Since such resonances can be driven only by strong nonlinear lattice magnetic elements,
dedicated orbit bumps were performed in order to recognize such elements. Tune shifts
versus the closed orbit bump amplitudes were measured to estimate nonlinear contribution of
the magnetic elements.

The localized bumps inside the wigglers and consecutive analytical study [14] have
shown that the wigglers are sources of strong octupole-like terms providing dominating cubic
nonlinearity in DA®NE. Later this was confirmed by beam decoherence measurements.
Besides, the wiggler are responsible of the nonlinear tune dependence on energy and, as it
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has been found, their nonlinear behaviour is one of the main reasons of the dynamics aperture
limitation, especially for off-energy particles.

By applying the orbit bumps it was also found that the “C” corrector magnets placed at
both sides of each interaction region, used to vary the horizontal crossing angle and relative
vertical position of the colliding beams, give substantial sextupolar contribution [15].

A decisive step ahead in reduction of the collider nonlinearity was the implementation
of the new “detuned” lattice, the lattice that avoids exploiting the low beta insertion at the
second interaction point [16]. The main advantages of the lattice can be summarize as
follows:

— no low beta IR at the second IP allows to reduce strength of the sextupole magnets
used for chromaticity correction or, instead, decrease the vertical beta function at the
main [P without the sextupole strength increase;

— the beta functions in the wigglers are lower thus reducing their nonlinear
contribution in beam dynamics;

— lower currents in “C” magnet can be used,

— it provides much larger separation of beams at the second “parasitic” IP;

— as consequence, the cubic nonlinearity of the lattice is substantially lower in
comparison with “old” KLOE lattice (used before the detuned lattice
implementation).

Effects of machine nonlinearity on particle motion were investigated using a dynamic
tracking system implemented in the DA®NE main rings [17]. A single bunch is excited
horizontally by pulsing one of the injection kickers. The dynamic tracking system allows to
store and to analyze turn-by-turn the position of the kicked bunch. The coherent betatron
oscillation amplitude is recorded over 2048 turns providing information on trajectories in
phase space and betatron tune shifts with amplitude. Analysis of the coherent oscillation
amplitude decay due to nonlinear filamentation gives a possibility to estimate directly a cubic
nonlinearity. In particular, we measured the coefficient c;; characterizing the strength of the
horizontal cubic nonlinearity [18].

During a long machine tune up for collisions different kinds of lattices have been tried.
For each lattice configuration the nonlinearity coefficient ¢;; was been measured with the
dynamic tracking system. It has been found that c;; can change in a very wide range.
Moreover, it even changes the sign when the wigglers are switched off. Briefly summarizing
the experimental observations and measurements we can say that:

— the highest negative contribution to c;; comes from the wigglers and it depends

strongly on beta functions at their locations. That is why, in comparison with the
“old KLOE lattice”, the detuned lattice with lower beta functions at the wiggler
positions has weaker negative cubic nonlinearity. And, besides, c¢;; gets positive
when the wigglers are completely switched off.

— for most settings the sextupoles give also negative contribution to c;;, but usually it

is substantially smaller than that of the wiggler.

— we attribute the positive contribution to the cubic nonlinearity to fringing fields in

quadrupole magnets.

The numerical simulations of beam-beam effects with LIFETRAC taking into account
the measured cubic nonlinearities have shown that they have a dramatic impact on the
collider luminosity performance [18]. The numerical results explain most of experimental
observations made during collisions in both single and multibunch regimes.

In particular, the strong negative nonlinearity accounts for the low single bunch
luminosity during collisions in the “old” KLOE lattice. Figure 5 shows an example of
equilibrium distributions in the space of normalized betatron amplitudes for different values
of Ci1.
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In the multibunch regime the maximum achievable luminosity is mainly limited by
parasitic crossings reinforced by the nonlinearity, if other limiting factors, such as
multibunch instabilities, ion trapping and uneven fill are eliminated. This is demonstrated in

Fig. 6.
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Figure 5: Beam-beam blow-up and tail growth for different lattice cubic nonlinearities.
Contour plates of density in the amplitude space are shown.
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Figure 6: Beam-beam blow-up with parasitic crossing and cubic nonlinearity.

According to the simulations, in order to decrease the nonlinearity effects to an
acceptable level, its strength should be kept below |c;1| < 200. Indeed, the present luminosity
record was achieved when c;; was reduced down to —60 for ¢" ring and to —170 for ¢ one.

In order to provide a knob for compensating the cubic nonlinearities and the second
order chromaticity correction, three dedicated octupoles were installed in each collider
ring[19]. When colliding beams in the DEAR configuration it has been found experimentally
that the octupoles adjustment gave about 15% lifetime improvement with bunches separated
by 1 empty bucket and up to 40% improvement in 100 consecutive bunch operations.

2.2.5 Single- and Multibunch Instabilities

It is impossible to reach the high luminosity in DAPNE without providing stable high
current multibunch beams. At present the design single bunch current of 44 mA has been
largely exceeded. About 200 mA were stored in a single bunch without observing any
destroying instability. In the multibunch regime more than 2A were accumulated in the
electron storage ring and about 1.5 A in the positron one.



23

This success has been achieved due to:

careful study of the vacuum chamber coupling impedance [20] and innovative design
of almost all the main vacuum chamber components. New ideas were incorporated in
design of such components as RF cavities, longitudinal feedback kickers, shielded
bellows, injection and transverse feedback kickers, beam position monitors, DC
current monitors etc. [21-27].

implementation of powerful feedback systems: longitudinal feedback systems,
transverse vertical and horizontal feedback systems, 0 — mode feedback system.
cures of high current instabilities on the basis of experimental observation and
analysis of the instability threshold and their dependence of collider parameters:
bunch pattern, RF voltage, momentum compaction, bunch length, orbits, feedback
timing and many others

As far as single bunch instabilities are concerned, during the past three years we carried
out the following measurements:

measurements of the longitudinal impedance and bunch lengthening in both rings;
turbulent mode coupling-transverse impedance measurements;

analysis of the single electron bunch blow up and its dependence on the RF voltage
and bunch current.

identification of a source of the vertical multibunch instability in the positron ring;
measurements and cures of the quadrupole instability in the electron ring.

The results of the impedance and bunch lengthening measurements [28] can be
summarized as follows:

in both rings for currents higher than about 10 mA bunches lengthen in the turbulent
regime. In this regime the final bunch length does not depend on the momentum
compaction and can be estimated quite precisely ;

bunch lengthening in e ring agrees well with numerical simulations based on
impedance calculations carried out before the collider commissioning[29, 30];
bunches in the electron ring are longer than those in the positron ring due to higher
coupling impedance accounted for about 40 ion clearing electrodes.

The transverse broad-band impedance was evaluated by measuring the betatron tune
shift versus bunch current. It was found that:

the vertical transverse impedance is much higher than the horizontal one for both
rings;

the electron ring vertical impedance is slightly higher than that of the positron ring
and is estimated to be 130 kQ/m;

the betatron tune shift at the design bunch current of 44 mA is about 7 kHz in both
rings. This value is smaller than the synchrotron frequency in DA®NE that is
typically in the range 25-40 kHz. So, the transverse turbulent microwave instability
should not be expected in DADNE.

It was also observed that for the working point (0.11; 0.17) a single electron bunch can
be blown up for certain bunch currents and RF voltages. Analysis and the tune scan around
the working point revealed that:

the working point (0.11; 0.17) is situated in the vicinity of the betatron resonance
3Q0=2Qy;

variation of the tunes with bunch current shifts the working point exactly on the
resonance for some current leading to the coupling increase and the blow up;
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— the fact that the blow up depends on the RF voltage shows that the synchrobetatron
satellite resonance 3Qy + Q, = 2Qy is also strong and may affect the beam-beam
performance.

Lowering the RF voltage to 110-120 kV was a solution at that time to move the working
point from the resonance to enhance the luminosity.

Among multibunch instabilities we paid much attention to the dipole vertical instability
and to the quadrupole longitudinal instability.

In order to find a source of the vertical coupled bunch mode instability in the positron
ring we carried out many dedicated experimental measurements:

— modal analysis, grow-damp measurements and instability observations for different
bunch patterns helped us to discover that the coupled bunch modes 100 and 101 are
unstable in both rings;

— in order to find vacuum chamber components where a higher order mode (HOM)
driving the instability is trapped we performed local closed orbit bumps, tried
latticed with different beta functions at the locations of the suspected vacuum
chamber components, observed behavior of two counterrotaing beams to define
weather the HOM is localized in the common interaction regions.

As a result it was concluded that the HOM trapped in the injection kickers at the
frequency of about 60 MHz is the incriminated parasitic mode driving the instability. An RF
feedback for this particular mode has been prepared and has been proven to rise the
instability threshold. Unfortunately, the feedback was not effective enough for high currents,
presumably due to beam loading problems. At present this instability is successfully damped
by the transverse multibunch feedback.

The longitudinal quadrupole instability was limiting the maximum stable current in the
DA®NE electron ring at a level of ~700-800 mA/beam. In order to investigate the
phenomenon, the instability threshold has been measured as a function of various machine
parameters as radio frequency voltage, momentum compaction, number of bunches, fill
pattern, etc. An unexpected interaction with the longitudinal feedback system, built to control
the dipole motion, has been found and a proper feedback tuning has allowed increasing the
threshold. The maximum stable beam current has now exceeded 1.9 A and it is no longer
limited by the quadrupole instability [31].

2.2.6 100 Bunch Operation

During the last 2 months of 2002 in runs for the DEAR experiment, the DA®NE collider
was operating by filling 100 consecutive buckets with a gap of 20 empty buckets for ion
cleaning [5]. Previously, the best results in KLOE runs were obtained with the bunch pattern
composed by 47-50 bunches separated by 1 empty bucket and an ion clearing gap.

The passage to the 100 bunch pattern was dictated by the necessity to increase the
luminosity. On the other hand, it was a good opportunity to study parasitic crossings effects,
multibunch beam instabilities, some other aspects of the beam dynamics for closely spaced
bunches (2.7 ns separation).

With the aim to bring into collision 100 contiguous bunches some modifications were
implemented into the machine optics:

— the horizontal beta function at the IP was decreased down to 1.7 cm from the design

value of 4.5 cm [32];
— the horizontal crossing angle was increased from 2x12.5 mrad to 2x14.5 mrad,
— the modified lattice had a smaller horizontal emittance.

With these modifications the bunch separation at the first parasitic crossing (at 40 cm
from the IP) was increased from 50y to 120y.
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After careful adjustment of all the feedback systems, more than 2 Amperes were
routinely stored in two beams with acceptable background and lifetime. No clear signs of the
electron cloud instability in the positron ring either ion instability (fast or conventional) in the
electron ring were observed.

During the operation with 100 bunches some increase in lifetime and luminosity
sensitivity to tune variations has been observed. We attribute this fact to higher Piwinski’s
angle for the modified optics due to the smaller horizontal beam size and larger horizontal
crossings angle. This is in an agreement with performed beam-beam simulations.

Yet another observation was a strong dependence of the lifetime in collisions to octupole
settings, presumably due to the crosstalk between beam-beam effects and lattice
nonlinearities enhanced by the parasitic crossings, as it has seen also in simulations [18]. The
best sets for the two rings were found experimentally.

The collider has shown a very good reliability: in Fig. 7 the peak luminosity, beam
currents and integrated luminosity are presented for one of the best 24 hour data taking
period. With 100 bunches the DEAR peak luminosity of 0.7x10°* cm™ s™ has been achieved
while with 50 bunches it was 0.45x10°* cm™ s'. Respectively, the integrated luminosity has
reached 2.0 pb"' per day compared to 1.1 pb" in 50 bunch operation. This has allowed
completing the physics program of the DEAR experiment.
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Figure 7: Peak and integrated luminosity in 24h (12/8/02).

These results were obtained with moderate bunch currents, < 15 mA in e bunches and <
12 mA in ¢” bunches. For comparison, about 20 mA/bunch were stored in 50 bunch pattern
while running DA®NE for the KLOE experiment. So, there is a margin for further
luminosity improvement by increasing the single bunch current.
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2.2.7 Luminosity Upgrade Plans

In three years from now all the current physical programs at DA®NE are expected to be
completed. The future long term programs are briefly described in [33] and will be discussed
also in the forthcoming Workshop “e’e” in the 1-2 GeV Range: Physics and Accelerator
Prospects” to be held in Alghero (Italy) on 10-13 September 2003 [34]. Our short term
strategy for luminosity increase is based on the following steps:

First of all, we plan to adopt 100 bunch operation mode as a routine one also for the
KLOE and the FINUDA experiments. Since the maximum luminosity in KLOE of
0.8x10** cm™ s was obtained with 50 colliding bunches having approximately 20
mA per bunch, we hope to double the luminosity in 100 bunch operation with the
same current per bunch. However, the currents per every beam will be as twice as
high imposing more severe requirements on the feedback systems in order to
provide stable multibunch collisions. Besides, we also may need more experimental
studies to handle beam-beam parasitic collisions.

Profiting from a long shutdown of the collider in the first half of this year for the
roll-in of a second large magnetic detector FINUDA, it was decided to modify the
shape of the DA®NE wiggler poles in order to reduce the effect of the field fall-off
at large horizontal distance from the beam axis [35]. Numerical simulations taking
into account the modified wiggler fields have revealed substantially larger on- and
off-energy dynamics apertures [36]. This will allow shifting the collider working
point closer to integers where, according to beam-beam simulations, we can gain yet
another factor of 2 in the luminosity increase.

The 3™ harmonic passive RF system is ready to be installed in both collider rings to
improve the beam Touschek lifetime and the detector background[37, 38, 39]. For
this purpose we plan to increase the energy acceptance of the machine by increasing
the RF peak voltage and to lengthen the bunches at this high peak voltage by means
of the harmonic voltage up to the limit imposed by the hour-glass effect in beam-
beam collisions. We have evaluated that the use of the harmonic cavity in the
lengthening regime can improve the Touschek lifetime up to 80% with respect to the
present operating conditions. The simulations have shown that the microwave
lengthening process is less pronounced in this case. Besides, we expect the
enhancement of the Landau damping due to the large non-linearity of the harmonic
voltage which should relax the single and multibunch dynamics. However, by
analyzing the beam dynamics we have found that the harmonic system can introduce
a few undesiderable effects. The presence of a gap in the bunch filling pattern will
produce a large spread in parasitic losses and synchronous phases (thus modifying
also the beam spectrum). As a consequence, different bunches will interact at
different collision points near IP and the synchronization of the bunch-by-bunch
feedback systems may be affected. Moreover, as we have seen in numerical
simulations, the bunch charge distribution changes for different bunches along the
train and the Touschek lifetime gain is not uniform over the train. The actual
tolerability of such effects can not be exactly predicted since it depends on the
eventual operating conditions (such as the gap width, for example). That is why we
have foreseen the “parking option” (consisting in tuning the cavity away from the 3™
harmonic frequency and in-between two revolution harmonics) which allows
recovering the operating condition before the harmonic cavity installation, and can
be considered as a reliable back-up procedure.
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— New interaction regions were installed during the 2003 year shut down providing IR
quadrupoles rotation. We expect better coupling correction with the new IRs and a
possibility of collisions at the second IP (FINUDA) with the KLOE detector solenoid
switched off. Besides, new BPM are placed in the vicinity of the interaction point for
better collision parameter diagnostics.

— The DAO®NE lattice is enough flexible to provide collider operation even with a
negative momentum compaction [40]. There can be several advantages for beam
dynamics and luminosity performance of DA®NE with the negative momentum
compaction:

o The bunch length is shorter and the bunch distribution is more regular since
the wake potential is focusing. This has already been demonstrated in
numerical simulations taking into account DA®NE vacuum chamber
impedance. The shorter bunch length is preferable for both the peak
luminosity increase and beam lifetime improvement since we can reduce the
transverse beta functions at the interaction point (IP) and, besides, the
Piwinski angle is lower in collisions with a crossing angle, as is in DA®NE
case.

o Qualitative considerations confirmed by numerical simulations have shown
that the lattice with the negative momentum compaction can ease the
longitudinal beam-beam effects [41], improving beam lifetime and lowering
beam size blow up.

o Since the head-tail instability with the negative momentum compaction takes
place with the positive chromaticity we can relax requirements on the
sextupole strengths.

Numerical simulations of the beam-beam effects have indicated that by undertaking the

following actions: shifting the working point close to integers, applying the negative
momentum compaction and further decreasing the vertical beta function we have a
possibility to push the DA®NE luminosity to 10> cm™ s level.
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2.3 DAODNE long term plans
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The future of DA®NE after the completion of the present physics programs, which is
expected in three years from now, is being discussed in the physics and accelerator
community of the LNF and collaborating institutes.

DA®NE is presently the only lepton collider working at the ® resonance. Luminosity in
the design range of 10°* cm™sec” meets the physics requests by KLOE, FINUDA and DEAR
experiments. In the LHC era, competitive experiments in this energy range ask for
luminosities at least one order of magnitude higher which are not reachable with conservative
designs with the present knowledges.

The DA®NE passage from the factory to the superfactory regime needs major
modifications in the collider design and huge R&D efforts. Different strategies are being
investigated and some of them are briefly reported afterwards.

For a first evolution of the collider we are taking into account also the possibility of
increasing the energy up to 2 Gel c.m., aimed at the measurement of the form factors of the
nucleon and the QCD excited states in the 1.2 to 2-2.5 GeV c.m. energy range [1].

A first milestone on the definition of the DA®NE future will come from the Workshop
“e’e” in the 1-2 GeV Range: Physics and Accelerator Prospects” to be held in Alghero (Italy)
on 10-13 September 2003, announced in this edition [2].

2.3.1 Super @ Factory

The DA®NE passage from the factory to the superfactory regime needs major
modifications in the collider design. Experience has shown that powerful radiation damping
is needed: simulations [3] indicate that roughly a reduction by a factor of 10 on the damping
time would allow an increase of the b-b tune shifts by a factor of two. A normal conducting
machine, with a circumference of the order of 100 m, must be almost completely filled by
bending magnets for lowering the damping time to few msec.

Another crucial point is the squeezing of the vertical betatron function at the IP to the
range of few millimeters, which implies rings in the regime of very short bunch lengths.

That being stated, the project study for a super @ Factory at Frascati will not in principle
be constrained by the present collider layout, even if it will be based on the utilisation of the
existing infrastructures

One possibility is the idea of colliding beams of higher energies with large crossing
angles [4]. The energy in the center of mass Ecn depends on the energy of the colliding beams
and on their crossing angle. For example two 1.5 GeV rings colliding at 140° (meaning that
beams travel in the same direction), produce ®'s with a boost such that K, decays in length
of 1 m, while K can be detected at distances up to 10 m, simplifying the problem of detector
background shielding and asking for completely new approach in the detector design[5].
From the point of view of the accelerator the main advantage is the natural increase of
radiation damping and of Touschek beam lifetime. Luminosity and beam-beam tune shift
behaviour with large crossing angle are being studied[6]. The main disadvantage of this
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scheme is the need of very short bunches in order to limit the geometrical decrease of
luminosity with crossing angle.

Another scheme is based in the introduction of a "longitudinal low beta" at the IP. Tuning
the Rse term along the ring should allow bunch length variation from a maximum value at the
rf cavity location to a minimum at the IP [7].

This scheme needs a very large momentum compaction structure and high rf voltage.
Using cells with alternating positive and negative radius of curvature dipoles a high negative
momentum compaction is obtained, together with a total increase of radiation damping.
Beam dynamics simulations, considerations about the longitudinal phase space behaviour in
such regime, effect of wake fields on the longitudinal distribution, dynamic aperture
computations, are being analised. A preliminary layout of the rings, compatible with the
present DA®NE hall and also with KLOE detector has been defined.

2.3.2 Light Quarks Factory

The upgrade of the energy of the collider by a factor of two is named DAFNE2 (Double
Annular Frascati ¢'e factory for Nice Experiments at 2 GeV) [8]. The requested integrated
luminosity, of the order of some hundreds of pbarn™, is well within the reach of the present
DA®NE performance.

Luminosity in the range of 10°>cm™ s at the energy higher by a factor two with respect
to the present situation could be reached with currents of the order of 0.5 A per ring,
distributed in 30 bunches.

The main systems of DA®NE (rf, vacuum, feedbacks) are already dimensioned for these
parameters, while the main modification to the collider corresponds to the dipoles; they are
being redesigned to fit the existing vacuum chambers while providing the necessary magnetic
field. Upgrade of the Linac energy is foreseen to inject on energy.
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2.4.1 Introduction

The Beijing Electron-Positron Collider (BEPC) has been running for both high energy
physics (HEP) and synchrotron radiation (SR) researches since 1989. Good performance of
BEPC accomplishes a lot of achievements in the t-charm region over the past decade, and in
many fields of SR applications as well. As an upgrading scheme from BEPC, the BEPCII
project was approved by the Chinese government in the early time of this year, with a micro-
B scheme and multi-bunch collision in a double-ring machine installed in the current BEPC
tunnel. The design work of the BEPCII, from linac to storage ring, from accelerator physics
to every subsystem, is being carried on. This paper will describe the main progresses on the
design of the BEPCII in the field of accelerator physics.

2.4.2 Beam-Beam Interaction

To achieve the high luminosity in the factory class collider, high beam currents and
small beam sizes are necessary. These induce a stronger beam-beam interaction. The
successful performance of KEKB and PEPII indicates that the beam-beam limit can be
reached without any single bunch instability. This means the beam-beam interaction limits
the peak luminosity. It is an important issue to study the beam-beam interaction in the design
and performance of such a high luminosity collider.

The simulation studies are done by taking the advantages of the code BBC (Beam-Beam
interaction with a Crossing angle) developed by K. Hirata [1]. BBC is a weak-strong
simulation code in 6-D phase space, including the effect of crossing angle. Although the
weak strong simulation can not investigate the coherent phenomena of beam-beam
interaction, it is generally used during the design of a collider. Because of the CPU time
consuming, the strong-strong simulation in a large scale tune scan so far has not been done.

The effect of a finite bunch length is taken into account by dividing a strong bunch into 5
slices longitudinally, and the weak one is represented by 50 randomly generated super
particles, with a Gaussian distribution in 6-D phase space. The simulation is done for more
than 5 radiation damping time.

The tune scan is performed for optimizing the tune from the viewpoint of high
luminosity. Figure 1 shows the simulated luminosity on the tune grid (fractional part only) of
0vce (0,1) and 6 v, € (0,1) with a crossing angle of #.= 11 mradX2, in which the
luminosity reduction factor L/Ly is given instead of the luminosity itself. The mesh size is set
as 0.02, which is smaller than the synchrotron tune v,=0.034. It indicates that the high
luminosity region is just above the half integer in horizontal plane, and there is no significant
difference between just above half integer and just above the integer in vertical plane.
According to the commissioning experiences of KEKB and PEPII [2], a vertical tune above
half integer is preferable because the orbit distortion is much stable than that of above an
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integer. The high luminosity is expected at around 6v,=0.53 and 6 v,=0.58, and these tune
values are set as the design working points.

To achieve higher luminosity, a larger beam-beam parameter &, is preferable. However,
the maximum §&, is limited by beam-beam interaction. The simulation results show that the
maximum &, is decreased because of the large crossing angle of ¢.=11 mrad X2, but the
design value of &§,= 0.04 is reasonable and reachable.

For BEPCII, the crossing angle of #.=11 mradX2 is the basic requirements of the
interaction region. From the viewpoint of beam-beam interaction, the crossing angle not only
limits the maximum &, as described above, but also induces some additional luminosity
reductions due to the geometric effects. The simulation shows that the luminosity reduction
factor due to the finite bunch length effect and the crossing angle is about 80% while the
luminosity reduction factor is 86% for the head-on collision. However, the crossing angle of
#.= 11 mradX2 is still acceptable. The simulation also indicates that the bunch length
should be controlled carefully to avoid further luminosity reduction due to the finite bunch
length effect.
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Figure 1 Luminosity survey with a crossing angle of #.= 11 mrad X2

2.4.3 Lattice Design of the BEPCII Storage Ring

With a new inner ring installed inside the old one in the existing BEPC tunnel, BEPCII
will provide the colliding beams with the center-of-mass energy from 1.0 GeVx2 to 2.1
GeVx2 and also the dedicated synchrotron radiation beam at 2.5 GeV. For the colliding
beams the luminosity is optimized at 1.89 GeV with the peak luminosity of 1x10*> cm™s™,
As to the dedicated synchrotron radiation mode, the beam current reaches 250 mA with an
emittance as low as possible.

There have been several beam-lines in the BEPC for the synchrotron radiation
experiments, so the current bending magnets and insertion devices in the southern region
have to be fixed at their present positions. In order to increase the average luminosity, the
“top-off” injection scheme up to 1.89 GeV is adopted. This requires that the injection and
collision optics be the same. The main parameters of the storage ring for both collision and
SR modes are shown in Table 1.



Table 1 Main Parameters of the BEPCII storage ring

Parameters Unit Collision SR (no wigglers)
Energy E GeV 1.89 2.5
Circumference C m 237.53 241.13
RF frequency f,r MHz 499.8 499.8
Harmonic number 4 396 402
RF voltage Vs MV 1.5 3.0
Transverse tunes v,/v, 6.53/7.58 8.28/5.18
Damping time t,/7,/T ms 25/25/12.5 12/12/6
Beam current / A 0.91 0.25
Bunch number 75 93 Multi
SR energy loss/turn Uy~ keV 121 336
SR power P kW 110 84
Energy spread o, 5.16x10™ 6.66x10™
Momentum compact 0.0235 0.016
%

Bunch length o cm 1.5 1.18
Emittance &/¢, nm-rad 144/2.2 -
Hori. natural emittance 120
£ nm-rad -

p-function B /B, m 1/0.015 -
Crossing angle at IP ¢,  mrad 11x 2 -
Bunch spacing sy, m 2.4 -
Beam-beam &,/&, 0.04/0.04 -
Luminosity £ em’s™ 1.0x10% -

1) Geometric design

Being upgraded from BEPC, BEPCII will use the old tunnel and keep the present beam-
lines, so that the circumferences of “three rings” (two horizontally separated colliding rings
and an SR ring) and the distance between the outer and inner rings are only adjustable in a
few tens of centimeters. The RF frequency of the colliding rings is constrained by the linac
frequency and the demands of the harmonic number from the data acquisition system of the
BESII detector. The final choice of the RF frequency is 499.8 MHz, which is 7/40 of the
linac frequency 2856 MHz. Corresponding to this frequency, the harmonic numbers for the
colliding and SR rings are 396 and 402, respectively. The distance between the outer and
inner rings is 1.18 m. The north half ring of BEPC must be shifted 0.36 m northward.

Due to the space limit, the only way to separate the two beams is to use the crossing
angle at the interaction point (IP). The crossing angle of BEPCII is chosen as 11 mrad x 2.
Since the crossing angle cannot give a sufficient separation, the first pair of defocusing
quadrupoles of the IR will deflect the beams further to 26 mrad x 2 and then a pair of septum
magnets deflects the beam in the inner rings to 65.5 mrad, avoiding the SR background in the
IR in the meantime. A bridge is needed in the SR mode connect the two half outer rings. Two
superconducting dipole coils on both sides of the IP are used to accomplish this function. The
beam will have 6 mm horizontal offset at the bending coils for the SR mode. In the RF region,
the crossing angle of the particle trajectories is 154.7 mradx2. Vertical local bumps will be
used to separate two beams, so that the optics of two rings can be symmetric. In the operation
of the SR mode, the bridges, which connect the inner and outer rings, will be powered off.
Thus, the electron beam will go straight through the bending magnets. In this case, both of
the RF cavities can provide the power to the electron beam. Fig. 2 shows the BEPCII
complexity.
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2) Optics design of the collision mode

The double-ring geometric structure of BEPCII causes each ring not to be a 4-fold
symmetric structure, but the electron and positron rings are symmetric while the SR ring is
east-west symmetric. Each colliding ring of BEPCII can be divided into four regions: IR, arc,
injection, and RF regions.

In the IR region, two superconducting quadrupole (SCQ) are located at both sides of the
IP to squeeze the /3y*. It also bends the beams further from 11 mrad to 26 mrad. 5 warm bore
quadrupoles are used for connecting the arc and IP. The first two warm quads, Qla and Q1b,
which have equal gradients for the inner and outer rings, are special dual aperture
quadrupoles. A low field bending magnet is located at the beginning of the arc to decrease
the synchrotron radiation to the IP. Since the longitudinal space in the IR is very tight, it is
difficult to adopt a compensation scheme using skew quadrupoles. The best way is to
compensate the coupling locally inside the detector with anti-solenoids and skew quadrupole
coils.

In the RF region, there are seven quadrupoles to connect the arc regions of the inner and
outer rings. Part of the RF region is dispersion free, and the § functions at the RF cavities in
both vertical and horizontal planes are less than 15 m.

At the injection points, dispersion is zero as well as the same positions in the inner ring.
The horizontal $ function is larger than 20 m to reduce the sigma amplitude of the remnant
oscillation of the injected beam. The phase advance between two kickers is .

The main consideration of the optics in the arc region is to meet the designed emittance,
momentum compaction factor and a sufficient dynamic aperture. The  functions in both
vertical and horizontal planes are less than 25 m, and the dispersion is less than 2.5 m. The
horizontal B functions at focusing sextupoles and the vertical f§ functions at defocusing
sextupoles are as large as possible. Moreover, the limited vertical aperture at the insertion
devices will lead to the constraint of vertical 3 function.

3) Chromaticity correction and dynamic aperture

A sufficient dynamic aperture is necessary, either for efficient beam injection or long
beam lifetime under colliding in BEPCIIL. Though the requirements for the injection and the
colliding beams are slightly different, we use the condition of the injection beam for both
cases, which means a larger momentum acceptance (~100,) and larger transverse apertures.
For the tracking results evaluated here, the horizontal RMS beam size is taken from the
natural horizontal emittance at 2.1 GeV (0.18 um), and the vertical beam size o, from the
fully-coupled emittance, i.e., half of the uncoupled horizontal emittance. In the dynamic
aperture tracking with SAD [3] program, particles are launched at the IP with 1000 turns.

36 sextupoles are used to correct natural chromaticities (& = —12.5 and &= -25.5) in

the BEPCII storage ring, powered by 18 power supplies. With these sextupoles,
chromaticities of the BEPCII storage ring are corrected to 1.0.
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Figure 3 Dynamic aperture for BEPCII

(3 most outer lines for bare lattice: solid
one is on-momentum, dotted and dot-
dashed ones *100, off momentum. 3
inner lines for the average of 20 random
seeds w/ misalignment (after COD
correction) and multiple errors w/o K;:
dashed line is on-momentum, solid and
dot-dashed ones +100, off momentum.)

Figure 2 The BEPCII Complexity

Fig. 3 shows the tracking results for the BEPCII dynamic aperture. One can see that the
dynamic aperture will have a big reduction if errors from magnets are included. Studies show
that the dynamic aperture is sensitive on K; errors for the dipoles and quadrupoles and more
sensitive if the horizontal tune is closer to the half integer. This means the linear lattice must
be well performed otherwise it will be difficult to operate the machine close to the half
Integer.

4) Optics design of the SR mode

In the BEPCII complex, there is another electron ring called SR ring, which can be used
as a dedicated light source. The SR ring is formed by connecting two outer half rings of the
electron and positron rings. The design goal of the SR mode is to operate electron beam at
2.5 GeV with a maximum beam current of 250 mA. The betatron tunes are chosen as v,/v, =
8.28/5.18. The emittance is thus 120 nm-rad at 2.5 GeV. The maximum beta functions S, and
P, are smaller than 23 m. The maximum horizontal dispersion function D, is about 1.65 m.
The natural chromaticities are &0 = —11.6 and &= -9.7 for the horizontal and vertical planes,
respectively. The dynamic aperture is larger than 250 even with 0.8% energy spread.

2.4.4 Collective Effect

In BEPCII, to achieve the high luminosity, the micro-f3 scheme is adopted. This requires
that the bunch length be well controlled to 1.5cm. However, bunch lengthening happens due
to the potential well distortion and microwave instability. Normally, we chose the design
bunch under the threshold of microwave instability. This corresponds to an impedance
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threshold of 0.97 Q at the design current of 9.8 mA. Calculation and beam measurement have
shown that the broadband impedance of the present BEPC storage ring is about 4 Q, thus a
strict impedance budget has been made with an effort on designing and optimizing the main
vacuum components to reduce impedance. With the main impedance generating elements
being taken into account, the budget of (Z/n)y is estimated as 0.23 Q. The longitudinal
effective impedance is got from the Heifets-Bane broadband impedance model, and the
threshold bunch current for the microwave instability is around 36 mA, that is about 4 times
of the design current. At 9.8 mA, the bunch lengthens by about 5%.

The coupled bunch instabilities may arise from the high-Q resonant structures, such as
the RF cavities and the resistive-wall impedance of the beam pipe. In BEPCII,
superconducting cavities (SC) are adopted, so HOMs can be well damped. The up bound of
the growth rates is firstly estimated by assuming symmetric filling pattern with 99 equally
spaced bunches and each bunch has currents of 9.8 mA. Then it’s confirmed by the multi-
particle tracking results. The growth time of the fastest growing instability modes is at the
same level of the synchrotron radiation damping time, so longitudinal feedback system will
be considered. The growth rate of the most dangerous mode due to resistive-wall is of 4.3 ms,
so this should be damped with bunch-to-bunch transverse feedback system.

To avoid ion trapping, a clearing gap is required with 5% of the total buckets unfilled,
i.e., with one bunch train of 93 bunches. The Fast Beam-lon Instability (FBII) has been
studied with analytical formulae as well as tracking code, the growth time of FBII is about 3
ms which should be damped with the feedback system.

The electron cloud instability (ECI) may lead to the beam-size blow-up and luminosity
degradation, which was observed in the two positron rings of KEKB and PEPII. With the
existing formula [4], the threshold electron cloud density leading to transverse mode-coupled
instability is higher than that of two B-factories. This may attribute to the smaller
circumference of BEPCII. To guarantee the beam performance against ECI, antechamber
with the inner surface of beam chamber TiN coated is used in the arc to reduce the primary
and secondary electron yields, and in the straight section space may be reserved to wind
solenoids to suppress the concentration of electrons near the beam axis. Besides, we are also
investigating the possibility to install clearing electrodes to sweep out electrons. Preliminary
simulations have shown that with antechamber and TiN coating, the EC density is
substantially lower than the instability threshold, and feedback system is still needed to
overcome the coupled bunch instabilities. Further study is under way and efforts are being
made to improve the simulation code by including the effect of antechamber structure and
clearing electrode.

In BEPCII, the beam lifetime is mainly determined by beam-beam bremsstrahlung
during beam collision, which is calculated as 5.1 hours at the peak luminosity. Other limits
are from the beam-gas scattering which gives beam lifetime of about 26 hrs at the vacuum
pressure of 8x10™ Torr, and the Touschek effect of about 7.1 hrs. So the total beam lifetime
is around 3.0 hrs. With the top-off injection the maximum average luminosity is expected as
60% of the peak luminosity.

2.4.5 Interaction Region Design

The design of the interaction region (IR) has to accommodate competing and conflicting
requirements from the accelerator and the detector. Many equipment including magnets,
beam diagnostic instruments, masks, vacuum pumps, and experiment detector must coexist in
a very small region. So the most difficult part of the design of a new collider is that of the IR.
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The IR of BEPCII is about +£16 m long from the IP, in which about 20 main magnets
need to be installed. The space is very tight. The design criteria for the BEPCII IR
configuration are based on the experiences from other machines and some special
requirements of the BEPCII. The two beams collide at the IP with a horizontal crossing angle
of 22 mrad. The IR configuration provides an effective compensation scheme of high field
detector solenoid. The aperture of vacuum chamber in the IR must be designed at least
2x(140+2 mm) for the beams (uncoupled in the horizontal plane and fully coupled in the
vertical plane). And the background level of both synchrotron radiation and lost particles in
the detector must be sufficiently low.

The BESIII detector consists of a cylindrical drift chamber, surrounded by an
electromagnetic calorimeter, which is immersed in about 1 T magnetic field of a 3.7 m long
superconducting solenoid. The geometry of the drift chamber requires that the accelerator
components inside the detector should fit the conical space with an opening angle of 21.5°.
The first accelerator component, which follows the central drift chamber, can only approach
to 0.552 m on each side of the IP. The superconducting magnet SCQ and the septum bend
magnet ISPB are fully located inside the detector boundary. The schematic layout of the IR is
shown in Fig 4.

[BESII|

Figure 4 Schematic layout of the IR

In order to avoid the parasitic bunch crossing, a quick beam separation after collision is
necessary. Our design choice is to introduce a horizontal crossing angle of 2x11 mrad at the
IP and to incorporate with a horizontal bending magnet labeled ISPB for a larger separation
between e— and e+ beams. The ISPB is a septum magnet with a narrow septum coil, located
at 2.3 m away from the IP with a length of 0.6 m and the field strength of 4.6 kGs. It acts on
the outgoing beam-line only.

On each side of the IP, a doublet of quadrupoles on each beam-line is used to provide
the focusing optics needed at the IP (/3y*=1.5 cm). The first vertical focusing quadrupole is a
superconducting magnet (SCQ) shared by both beams. The SCQ package also includes
compensation solenoid magnets, dipole magnets for SR mode and skew quadrupole coils. Its
cryostat has a warm bore with an inner diameter of $134 mm and an outer diameter of $302
mm. The endcan of the cryostat has an outer diameter of $635 mm. The second elements of
the doublets are horizontal focusing quadrupoles Qla and QIb with a distance of 0.3m
between them. In order to keep the symmetry for the two rings and save the space, Qla and
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Qlb are designed as a two-in-one structure and two separated beam channels for the
incoming and outgoing beams with the same field strengths. These quadrupoles have to meet
some special difficulties in design because the two beam pipes at their positions are still very
close to each other. The next machine elements are quadrupoles Q2, Q3 and Q4, where the
sufficient separation of the two beams is available to allow them to be installed side by side
in the two rings. Those quadrupoles match the IR optics to that of the arc region.

2.4.6 Beam Injection

BEPCII will keep the BEPC’s horizontal phase space multi-turn injection, and maintain
its beam transport lines, which connect the linac and the collider. In order to achieve higher
average luminosity, the beam injection rates have to be greatly improved, which are expected
to be greater than 200 mA/min and 50 mA/min for e- and e+ beams, respectively. To ensure
this high injection rates, for the positron beam, two-bunch injection scheme will be adopted
with an adjustable injection repetition (12.5 Hz, 25 Hz, and 50 Hz).

The BEPC beam transport lines are upgraded in many aspects, such as replacing the old
power supplies, adding four new independent power supplies to free some lattice matching
constraints and installing new beam position monitors along the lines to keep close and real
time control of the beam central orbits. In order to lessen the number of the particles lost in
the ring, especially in the interaction region, collimators are needed in the beam transport
lines to clean the larger amplitude and larger relative energy deviation particles. Instead of
the BEPC’s separate films and beam drifts in the air, the transport beam pipes will be directly
connected to the storage ring to minimize the emittance dilution. So the vacuum situation in
the end of the transport lines should be improved.

Two horizontal kickers with a phase advance of it are employed to create the horizontal
closed orbit bump for the circular beam. The Lamberston septa of BEPC are still kept. Since
the bunch spacing is changed, new kicker magnet power supplies and vacuum chamber are
being studied. The physical apertures given by the IR are 140,09 +2 mm (COD), which
impose strict constraint to the beam injection path. The half aperture of collimators in the
ring is designated to ~12.50;,,0 . Simulations of the injection bunch’s motion with collimators
are carried out to decide the injection efficiency. Top-off injection will be adopted to achieve
the higher average luminosity.

2.4.7 Linac

The main upgrading goals of the injector linac are the increase of the beam energy from
1.3 GeV to 1.89 GeV, the upgrade of the positron beam current from 2 mA to 40 mA, and the
improvement of the operation reliability and stability. To meet these goals, besides the
upgrades of the RF power system, new electron gun and new positron source, we have to find
the new beam optics to establish the optics tuning and orbit correction systems to partially
cure the beam blow-up due to chromatic/dispersive and wake field effects caused by the high
current and machine errors, and hence to ensure the required beam transmission, the
emittance and energy spread.

1) Studies on optimizing the beam optics

Electron beam leaves the bunching section with the solenoid focusing system, entering
the main linac with the quadrupole focusing channel that consists of 15 triplet quads. These
existing quadrupoles are divided into two groups according to their parameters, and are non-
uniformly distributed along the linac. During the machine operation, any change of each
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klystron output and/or the change of the stand-by klystron positions will cause changes of
downstream beam optics. Therefore, to keep the optimum beam optics, we have to tightly
control the power and phase instability of each klystron, and to adjust the downstream quad’s
strengths when the above changes happen.

Based on the existing lattice features, our studies with the code TRANSPORT have
shown that one can optimize the optics by fitting the beam envelope oy and o, at each triplet.
Due to the decrease of emittance with beam energy increase, the fitted o, and o, can be
decreased along the linac too (say from 4.0 mm to 1.5 mm). The triplets’ polarity
arrangements of DFD-DFD and DFD-FDF have been studied respectively. The distributions
of the magnetic gradients of the triplets along the linac are almost the same for these two
lattices.

In the BEPCII-Linac, a 240 MeV, ~ 6 A primary electron beam is bombarded on the
positron production target. There are two sets of triplets between the pre-injector exit (end of
solenoid focusing) and the target. The beam modeling results show that one can confine the
beam spot sizes (0y and o;) and the beam waists (o, = o, = 0) at the target by fitting the 4
valuable gradients of these two triplets.

To increase the positron yield, the studies on the primary electron beam spot size issue
are carried out on the existing BEPC-Linac (140 MeV @target) and the minimization of the
spot size for the BEPCII case (240 MeV (@ target) is modeled and studied too.

The positron beam energy at the exit of the uniform solenoid (0.5 T, 7.0 m-long) is
about 80 ~100 MeV. If only the existing triplets are used to focus the beam transversely, the
positron beam envelopes will grow larger than beam tube bore radius in the first 500 MeV,
due to its very large emittance and transverse momentum (given by EGS4 + PAMELA
simulations) at the solenoid exit. Thus, an additional series of the large aperture quads
"ridding" on the accelerating structures in this energy region is certainly needed to provide an
additional focusing. On each of the first 5 accelerating tubes (A8-A12) after the positron
target focusing solenoid, we will install 4 quads, and the rest 4 quads will be installed on the
tubes of A13 and A14 to match the positron beam into the downstream focusing system that
only consists of triplets. With this focusing lattice the positron beam envelopes can be kept
within the bore radius of the accelerating tube. The polarities of the triplets are rearranged as
DFD-FDF for both electron and positron beams.

An on-line optics correction loop has been preliminarily designed according to the
lattices given above. The output RF power from each klystron (given by the measured
voltage of each modulator and the prepared curves of klystron output vs. modulator voltage)
is one of the input data for the correction loop to define the beam energy at each quad. The
fitted gradient values of each quad and their corresponding power supplies’ currents will be
one of the output data of the loop to control/reset the quad’s power supplies.

2) Orbit correction

In the BEPCII-Linac upgrade, a beam orbit correction loop will be established to
partially cure the initial beam offset effects and the machine alignment error effects on the
beam emittance growth and the orbit deviation. Both “1-to-1” and “global” orbit correction
schemes are adopt. A stripe-line BPM is located in the upstream of each triplet, and a set of
correctors (both for x and y directions) is "ridding" on the upstream accelerating structure.
The prototypes of a BPM and a pair of correctors (for x and y) have been made and tested
with good measurement results.
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In the modeling, the initial beam offset, quads offset and accelerating structure offset
have been taken into account with LIAR and PARMELA codes. The maximum electron
bunch charge is 2.33 nC with its assumed energy spread of 2.5 MeV at the pre-injector exit
(30 MeV). Besides the chromatic/dispersive effects in the quads induced by the above errors,
the short and long—range wake effects in the structure have been calculated separately first,
and then combined, with and without orbit correction. To have a minimum energy spread at
the linac exit, the optimized accelerating phase of —3.5 is chosen to compensate the single-
bunch beam loading effect.

In the case of positron beam, the large energy spread ( £ = 12 MeV) induced
chromatic/dispersive effects are dominated, while the wake effect for bunch charge of only
21 pC is negligible.

2.4.8 Conclusion

The BEPCII is being designed together with the subsystems like magnet, power supply,
beam instrumentation, vacuum, control, RF, mechanism, etc, with an aim of 1x10* cm™'s™
for the peak luminosity. Challenges from not only accelerator physics, but also some key
technologies like superconducting RF cavities and magnets, will be met in the construction of
the whole machine. The project is expected to fulfill in five years.
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2.5 Beam Dynamics Activities at CESR-c
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The CESR-c conversion to the Cornell Electron Storage Ring (CESR) extends the
operating energy of the 768 m circumference e+e- storage ring down to 1.5 GeV beam
energy. The total c.m. energy range now reaches from 12 GeV to 3 GeV, covering from the
upsilon family of mesons down to the J/psi resonance.

The principal change to the machine for low energy operation is the addition of
approximately 16 m of 2.1 T superferric wigglers to increase synchrotron radiation damping.
A second change is providing higher voltage in the RF cavities to reduce bunch length to 1
cm to take full advantage of a small vertical beta function at the interaction point. The
voltage requirements are increased because of the additional beam energy spread from the
high field in the wigglers.

When final CESR-c design parameters are achieved, approximately 90% of the
synchrotron radiation will take place in the wiggler magnets - a qualitatively different
condition than in any electron storage ring to date. Studies with half the wigglers (80%
synchrotron radiation from wigglers) have begun in August, 2003. The beam dynamics in
such a machine have yet to be measured. This exploration and understanding will be a key
component of CESR-c operation.

In both CESR and CESR-c a “pretzel” orbit provides separation at most of the 89
parasitic crossing points of the electron and positron beams. This horizontal closed orbit
distortion, with opposite sign for electron and positrons, extends completely around the ring
circumference and dominates optics design and many beam dynamics issues. For example,
sextupoles become first order optics elements, but with opposite sign for the two beams. The
small non-linearities in the wigglers (the mid-pole field profile is within +0.1% over the
horizontal beampipe aperture) have different effects for the two beams also. While many of
the beam dynamics issues here are unique to CESR, others, as well as the calculation and
analysis methods used, have general applicability.

Four papers follow. The first, “CESR-c Lattice Design and Optimization” describes the
method of designing optics (including sextupoles) for the pretzeled CESR machine. The
second, “A Magnetic Field Model for Wigglers and Undulators,” describes both high
accuracy and calculationally expedient methods used for modeling the wiggler beam
dynamics. The third is “Beam Based Characterization of a New 7-pole Super-conducting
Wiggler at CESR,” comparing magnetic measurements and beam-based measurements of a
prototype wiggler with field calculations. The last , “Recent Developments for Injection into
CESR,” describes a technique to measure and analyze the trajectories of injected (and stored)
beams for improvement of optics and tuning.
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2.6 CESR-c Lattice Design and Optimization

D. L. Rubin, M.J. Forster
Cornell University, Ithaca NY, USA
drubin@physics.cornell.edu

2.6.1 CESR-c Lattice

The 768m circumference CESR-c storage ring operates over the energy range of
1.5GeV/beam to 5.6GeV/beam. The lattice arcs are comprised of 94 quadrupoles and 76
sextupoles. The final focus quadrupoles, which are immersed in the 1T-1.5T field of the
experimental solenoid, are a superconducting, permanent magnet hybrid. The quadrupole
nearest to the interaction point is a 20cm long NdFeB permanent magnet vertically focusing
quadrupole with 31.9 T-m gradient. A pair of vertically and horizontally focusing
superconducting quadrupoles share a single cryostat complete the final focus. All of the
interaction region quadrupoles are rotated 4.5 about their axis to compensate for the
coupling introduced by the CLEO solenoid. Skew quadrupole windings, superimposed on the
main quad windings of the superconducting quadrupoles are used to trim the compensation.

The counter rotating beams of trains of bunches share a common vacuum chamber. Four
horizontal electrostatic deflectors are deployed in the machine arcs to generate a differential
closed orbit distortion that separates the beams at parasitic crossing points of electrons and
positrons. [3] The closed orbits intersect at the interaction point with a +3 mrad crossing
angle.

In preparation for operation in the J/Ap energy range (1.5-2.2 GeV/beam), we have begun
to install superconducting wigglers in the machine arcs. [2] The wigglers will reduce the
radiation damping time at low energy from about 500ms to 50ms. Six wigglers were installed
during the spring of 2003 in the East arc of the machine. The remaining six will be installed
in the West arc early next year. The introduction of the wigglers into the lattice, with their
inherently strong vertical focusing and zero horizontal defocusing, significantly distorts the
optical parameters. Furthermore, the approximate mirror symmetry of the guide field, with
symmetry axis a diameter through the interaction point running north and south, is badly
broken.

A consequence of the horizontal separation of the closed orbits of the electrons and
positrons is that the beams are typically displaced in opposite directions in the sextupoles.
The sextupole feed down distorts the linear optics differentially. With mirror symmetry, most
of the sinister distortions are compensated globally. As a result of the now broken symmetry,
optical parameters for the two beams can be very different including, p-functions, dispersion,
damping partition numbers, emittance, etc.

All of the guide field quadrupoles and sextupoles are independently powered, giving
enormous flexibility to the design of the lattice. The design objectives include equality of
relevant optical parameters for the electron and positron beams.
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2.6.2 Lattice design

The lattice parameters are defined by the distribution of the variables, namely the
quadrupole, sextupole and horizontal separator strengths. For any given distribution we
compute B-functions, solenoid compensation, emittance, dispersion, etc. In addition we
quantify the cumulative effect of the multiple parasitic crossings in terms of the long range
beam beam tune shifts and the “B_parameter.” [5] The B_parameter depends on beam sizes
as well as separation at the parasitic crossing points and the local . The implementation of
an accurate map for the wigglers is critical to design process. We represent the 2.1T, 1.3m
long wigglers with a fifth order Taylor series in order to properly include the nonlinearities.
The coefficients for the Taylor map are based on a fit to a field profile generated with a finite
element code [4]. The variables are manipulated to minimize a figure of merit that is zero
when all of the design goals have been achieved.

Typically the optimization proceeds in steps. We begin by minimizing the figure of merit
exclusively with quadrupoles as variable elements. Next a sextupole distribution is
determined that yields the desired chromaticity and simultaneously minimizes amplitude and
energy dependence of B-functions. [1] The nonlinear aperture of the optics is characterized
by the amplitude dependence of the Jacobian of the one turn map which is computed by
tracing trajectories with a range of starting points through a single turn. Finally we return to
optimization with quadrupoles and iterate as necessary.

2.6.3 Lattice parameters

The lattice functions for a preliminary design of a 6 wiggler optics are shown in Figure 1.
The B-functions and closed orbits for positrons are in red (solid lines) and for electrons in
blue (dashed lines). From left to right is the interaction point, the west arc, the east arc and
finally the interaction point again. The 6 superconducting wigglers are in the east.

The tic marks along the x-axis in the plot of the horizontal orbits (second from the top)
indicate parasitic crossing points in the event that there are 9, 5-bunch trains in each beam.
Vertical electrostatic deflectors generate the half wave bump to separate the beams at the half
way around the ring. Note that it is the square root of f, and By that are plotted and B*y =
12mm. The horizontal emittance €, = 190nm. The horizontal emittance for the electron orbit
is 10% less than for the positron orbit.
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Figure 1. Electron and positron closed orbits and lattice functions for CESR-c 6 wiggler optics.

2.6.4 Lattice characteristics,

The design lattice is characterized in a variety of ways. A tune scan helps to identify
particularly virulent resonances and also a promising working point. To scan the region of the
tune plane indicated in Figure 2, we divide the region into a grid of about 900 pairs of
horizontal and vertical tunes. At each point in the plane we follow the trajectory of a particle,
with initial phase space coordinates displaced from the closed orbit, for 1000 turns. The
contours in the plot correspond to the maximum vertical amplitude of the trajectory over the
course of the 1000 turns. Synchrobetatron sidebands of the coupling resonance and the third
integer are evident. (The synchrotron tune is ~0.1.) Details of the scan are sensitive to the
initial displacement of the trajectory. Here Ax¢=50x, Ayo=0y, AE/E¢=40¢,
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Figure 2: Contours of maximum vertical amplitude in 1000 turns for CESR-c 6 wiggler lattice.

2.6.5 Conclusions

The CESR-c optics are designed to satisfy a large number of criteria. The process is
complicated by the ubiquitous nature of the “pretzel” separation scheme in which counter
rotating beams are displaced from the axis of the guide field. Electrons and positrons will in
general have significantly different optical functions, and this asymmetry in the optical
functions is amplified by the lack of geometric symmetry in the lattice. Furthermore, the very
strong damping wigglers have nonlinearities that cannot be simply compensated by multipole
correctors and must be incorporated in the lattice design process. An iterative optimization
with first quadrupoles and then sextupoles yields a good result.
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2.7 A Magnetic Field Model for Wigglers and Undulators
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2.7.1.1  Analysis

One of the major challenges in designing the damping rings for the next generation of
linear colliders is how to model the many wigglers that will be needed for emittance control.
A prerequisite for the study of particle dynamics is the ability to calculate transfer maps. This
is difficult for wigglers since analytic formulas do not exist except in the most simplified
cases. Wigglers can have strong nonlinear components [1,2], which can be a major limitation
on the dynamic aperture, and impose stringent conditions on any analytic approximations.
Recently, a field model has been developed at Cornell that can be used to accurately track
particles through a wiggler[3]. The advantages of the model are that it can be used to track
symplecticly and the model includes the end fields of the wiggler.

The field model is used with symplectic integration to do tracking. The symplectic
integration algorithm was developed by Y. Wu et al [4]. The analysis starts with the
Hamiltonian in the paraxial approximation

2 2
=(pX_aX) +(}))’_ay) _a’
20+8)  2(1+8) °
where p, =P, [F, is the normalized transverse momentum, 6 = AE/P,c is the relative

energy deviation, z is the longitudinal position relative to the reference particle, and
a(x,y,s)=qA /P, is the normalized vector potential.

Wu has shown that by dividing this Hamiltonian in a certain way symplectic integration
can be done. This procedure has been integrated into the PTC (Polymorphic Tracking Code)
subroutine library of Etienne Forest [5] which in turn has been integrated into the Cornell
BMAD particle simulation software library [6].

The BMAD library is written in Fortran90 and has been developed to supply a flexible
framework that simplifies the task of writing custom programs to do particle simulations. The
BMAD input format is very similar to the MAD input format so translating lattice files
between the two formats is a fairly simple task. Besides most of the standard MAD elements,
BMAD recognizes wigglers, combination solenoid/quadrupoles, and LINAC accelerating
cavities. Features include: Twiss parameter calculations, tracking, generating and
manipulating Taylor Maps, Wakefields, etc.

2.7.2 Field Model

As input to the symplectic integrator one must have an analytical formula for the
magnetic field that can be integrated to obtain the vector potential (the need to be able to
repeatedly differentiate the vector potential precludes the alternative of interpolation from a
field table). The Cornell wiggler field model starts by writing the field B, (x,y,s) as a sum of

terms
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N
Bfit = EBn(x’y’S;Cn ’kxn’ksn’ ¢sn ’fn)
n=1

Each term B, is parameterized by 5 quantities C, k_, k,, ¢, and f. The index f, =12,0r3
is used to designate which of 3 forms a B, term can take. The first form ( f, =1) is

B =-C % sin(k,.x) sinh(k, y) cos(ks + ¢,)
y

B,= C cos(k,x)cosh(k,y)cos(ks+ @)

y

(1)
B =-C % cos(k x) sinh(kyy) sin(k,s + ¢,)
y
with k; =k; +k:
The second form ( f, =2) is
B =C %sinh(kxx) sinh(k,y) cos(ks + ¢,)
y
B,= C cosh(k x)cosh(k,y)cos(k s+ @) @
B =-C % cosh(k,x) sinh(k, y) sin(k.s + ¢,)
with k; =k -k
The third form ( f, = 3) is
B =C %sinh(kxx) sin(k, y) cos(k;s + ¢,)
y
B,= C cosh(k, x)cos(k,y)cos(k s+ @)
(3)

B =-C % cosh(k x) sin(ky y)sin(ks + ¢,)

y
with k; =k; -k
k, is considered to be a function of k, and k. The relationship between them ensures that
Maxwell's equations are satisfied.

Given a calculation or measurement of the field at a set of points B
find a set of N terms such that B, and B

accurately one needs to be able to track through a wiggler. This is a standard problem in
nonlinear optimization [7, 8]. The solution is to minimize a merit function M

M= Y IB, -B,,F +w6§|c”|
n=1

data pts

s the problem is to
agree to some given precision set by how

t data

The second term in M is to help preclude solutions with degenerate terms that tend to cancel
one another. The weight w_ should be set just large enough to prevent this but not so large as
to unduly distort the fit.

2.7.3 CESR-c Wiggler Model

The wiggler magnets being installed in the Cornell CESR-c storage ring [9] have been
modeled using the above procedure. Using the finite element modeling program OPERA-3D,
a table of field versus position was generated. The validity of the field calculations was
experimentally confirmed by measurements of tune as a function of beam position in a
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wiggler [10]. Table data and fit curves of B, as a function of s and x for the CESR-c 8-pole

wiggler are shown in Figures 1 and 2. 82 terms were used for the fit. The peak field is about
2 Tesla and the RMS of the difference IB,, — B, | was 9 Gauss which gives an RMS to peak

field ratio of 0.05%.

data

I— T T T 2.155 T T
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e Data

— Fit
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s (m)
Figure 1: a) By as a function of 5. b) BV as a function of x. The data points are from a finite element

modeling program. The curves are calculated from an 82 term fit.

Figures 2 and 3 show tracking simulation results for the CESR-c 8-pole wiggler. Figure
2 shows p, at the end of the wiggler as a function of x at the start with a starting condition of
y =20 mm. Figure 3a shows p, at the end as a function of y at the start with x,,,, set at 30

mm. The solid lines in Figures 2 and 3a are the results of using a Runge-Kutta (RK)
integrator with adaptive step size control [7] and with the field values obtained from
interpolating the table from OPERA-3D. The dashed lines are from symplectic integration
(SI) using the fitted field and 250 integration steps. The dash-dotted lines are from a 7" order
Taylor map (TM) which is generated using symplectic integration with 250 integration steps.
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Figure 3: a) D, at the end of the wiggler as a
function of y at the start using 3 different tracking
methods. b) Difference between RK tracking and
the two other methods.

RK tracking, since it is derived directly from the equations of motion and the magnetic
field table, is the gold standard with which to compare other tracking results. Figure 3b
shows the difference between the SI and RK tracking as well as the difference between the
TM and RK tracking. Additionally, for comparison, a line is shown whose slope represents a
tune shift of AQ=0.001 assuming a 8 of 10 m. The SI tracking agrees well with the RK,
better than 4 urad in Figures 2 and 8 uradin Figure 3. Slope differences of the curves are
also small, representing tune shifts of less than 0.001 (at § = 10 m) everywhere in the figures.
The advantage of the SI tracking is that it preserves the Poincare invariants, such as phase
space density, while the RK does not. This is an important consideration in long term
tracking where RK can give unphysical results.

The TM also show excellent agreement with the RK tracking except in Figure 2 when
the magnitude of x is larger than 30 mm or so. In the domain where the TM agrees with the
RK, the TM can be used for such purposes as lattice design and other analyses that are not
sensitive to non-symplectic errors. The advantage of the TM is that it is fast. In the present
instance the TM was over a factor of 30 faster than the other two methods. (This does not
include the time to calculate the TM to begin with, but that only has to be done once). To
overcome the non-symplecticity of the TM it can be partially inverted to form a symplectic
generating function [11].

2.7.4 Conclusion

The wiggler model that we have developed is especially useful because it can accurately
include end fields. This leads to efficient symplectic mapping which is needed in long term
tracking, and avoids the non-physical violation of conserved quantities inherent when
tracking is dependent upon interpolation of a field table. For applications where symplecticity
is not a concern, a Taylor map, generated using the fit with symplectic integration can greatly
reduce computation time.
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For long periodic wigglers, the number of terms needed to fit the field may become large.
In this case, a simple solution would be to divide the wiggler into 3 sections: the periodic
center section and two end sections. Each section can be fitted separately. Since the center
section is periodic, the number of terms needed to fit it is independent of its length. For the
end sections it might be possible to cut down on the number of fit terms by making use of
three additional forms that have an exponential s-dependence. These forms can be derived
from (1), (2), and (3) using the substitution k, — -ik .

If pole misalignments need to be simulated, then planar symmetry cannot be assumed. In
this case, (1), (2), and (3) can be modified, at some small increase in complexity, by using
k.x + ¢, in place of k.x, and k y + ¢, in place of k,y. With this, any arbitrary magnetic field

profile can be modeled.
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A. B. Temnykh*, D.Rice and D. Rubin

Laboratory of Nuclear Studies
Cornell University, Ithaca NY 14953, USA
*abt6@cornell.edu

Abstract

The paper describes the beam based measurements of the magnetic field characteristics
of the first 7-pole super-conducting wiggler recently installed in CESR. The results are
compared with the model prediction and with the estimates based on magnetic field
measurements. It also presents results of the beam resonance mapping which was done by a
2D scan of betatron tunes while recording vertical beam size. The scan clearly exposed
resonances excited by the wiggler nonlinear magnetic field components. In conclusion, the
ways to optimize the wiggler magnetic field in order to reduce destructive effects on beam
dynamics are discussed.

2.8.1 Introduction

The CESR low energy upgrade project calls for 12 super-conducting wigglers
installation to provide adequate radiation damping. The first 7-pole super-conducting wiggler
[1] was built [2] and, after magnetic measurement [3], in the fall of 2002 was installed in
CESR. A number of machine study periods were devoted to a beam based characterization of
the wiggler magnetic field. Results of this characterization in comparison with the magnetic
measurement and model prediction are described below.

2.8.2 Model calculation and Magnetic measurement result

The wiggler field integrals along straight lines and along wiggling beam trajectories are
used for wiggler field characterization. Depending on the wiggler design, the difference
between those integrals can be substantial. The straight line integrals calculated from model
can be easily verified by a long flipping coil measurement [5]. The measurement of the field
integrals along beam trajectory can be done by using modified vibrating wire technique [6] or
with a beam after wiggler installation in the ring.

Magnetic measurement results for 2.1T and 1.9T wiggler peak fields in comparison with
a model calculation are presented in the Table 1. Moments “an” and “bn” are the
coefficients of the polynomial fit of the horizontal and vertical field integral dependence on

horizontal position: I (x)= Ean xx" and [(x)= Ebn x x". Columns "Straight line" and

"Straight coil" refer to calculated and measured straight line integrals. Columns labeled with
"Wiggling trajectory" and "Wiggling wire" are for integrals calculated and measured along
wiggling trajectory of beam of 1.8GeV energy. The measurement technique is described in

[3].
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Table 1. Calculated and measured the wiggler integrated field characteristics.

an,bn Model Magnetic measurement
[Gm/cm”n]

Straight line Wiggling Straight coil Wiggling wire

trajectory

Wiggler peak field ~ 2.1T
al 0.0 0.0 1.53+-0.01 N/A
bl 0.0 1.33 -0.19+-0.02 2.5+-0.15
b2 -0.29 -0.29 -0.28+-0.004 -0.51+-0.03
b3 0.0 -0.11 0.004+-0.002 -0.19+-0.02
Wiggler peak field ~ 1.9T
al 0.0 0.0 1.37+-0.01 N/A
bl 0.0 0.83 -0.21+-0.03 N/A
b2 -0.06 -0.18 -0.02+-0.001 N/A
b3 0.01 -0.10 0.007+-0.003 N/A

Because of the model symmetry, the skew and normal quadrupole moments a/ and b7 of
straight line integrals are equal to zero. However the straight coil magnetic measurement
revels non-zero but negligible normal quadrupole moment 5/~0.2Gm/cm and significant for
beam dynamics skew quadrupole component a/ ~ 1.57-1.37Gm/cm. While the b/ occurrence
can be explained by a small error in pole geometry, the cause of relative large al is not
understood. The normal sextupole moment 52 measured with straight coil is in good
agreement with model calculation for both 2.1T and 1.9T wiggler fields. For 2.1T it is ~-
0.28Gm/cm”2 and for 1.9T it is close to zero. The change in b2 with a field level is due to
specifics of the wiggler design. In the 7-pole design, the central pole is compensated by the
two opposite polarity end poles. Because the magnetic field environment in the middle of the
wiggler is different from the wiggler ends, the compensation can be provided in a limited
range of excitation. Calculated and measured octupole moments b3 are negligible.

Although the comparison between calculated and measured straight line integrals is the
most convenient way to verify the model, the beam dynamics depends on the field integrals
along wiggling beam trajectories. In [4] it was noticed that interference between the beam
trajectory wiggles and field variation across the single pole, B, (x), results in an additional

integrated field: Al (x)=—(1/2)-L-x,-dB (x)/dx; where x,and L are the trajectory
wiggling amplitude and the wiggler length. As B (x) is a symmetric function, dB,(x)/dx and
Al (x) are odd function of.x. The latter generates the odd order moments (normal

quadrupole b/, normal octupole b3) seen in column "Wiggling trajectory" of the Table 1.
Magnetic measurement with a vibrating wire (column "Wiggling wire") confirmed existence
of these moments but gave approximately two times bigger amplitudes. This inconsistency is
likely to be a result of a not accurate calibration of the used vibrating wire technique.
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2.8.3 Beam based characterization

2.8.3.1 Wiggler generated coupling

Beam based measurement of the local coupling around the ring indicated ~2.0Gm/cm
skew quadrupole moment generated by the wiggler, which is in good agreement with a
magnetic measurement result. This component was compensated with skew quadrupole
magnet installed near the wiggler.

2.8.3.2  Wiggler generated betatron tune variation

Vertical and horizontal betatron tunes were measured as a function of horizontal beam
position in the wiggler at several wiggler field levels. For the beam displacement a closed
orbit bump was used. The result of the measurement at 2.1T and 1.9T fields in comparison
with tune variation obtained from the model tracking are plotted in Figures 1 and 2. In all
cases one can see a reasonable consistency between calculation and measurement.
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Figure 1. Measured and calculated betatron tune variation versus horizontal beam position in the
wiggler at 2.1T (a) and 1.9T (b) wiggler peak field.

The sextupole and octupole moments calculated from the coefficients of the polynomial
fit of the measured horizontal tune variation are given in Table 2. They are in good
agreement with calculated, see column "Wiggling trajectory” in Table 1.

Table 2. The b2 and b3 moments calculated from the measured dependence of horizontal tune on
horizontal beam position in the wiggler.

Moment 21T 1.9T
b2[Gm/cm”2] | -0.29+-0.01 -0.059+-0.011
b3[Gm/cm”3] | -0.082+-0.002 -0.10+-0.004

2.8.3.3  Nonlinear resonances excitation and tune plane appearance

The machine performance (luminosity, injection efficiency, beam life time and etc.)
often critically depends on the appearance of the betatron tune plane. The tune scan, a
measurement of beam characteristics as a function of the betatron tunes, exposing the tune
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plane resonance structure facilitates the choice of the working point and the structure analysis
may help to reveal the cause of magnetic field nonlinearities affecting machine performance.
To explore effect of the wiggler magnetic field on the nonlinear beam dynamics we

made a series of tune scans with a vertical beam size measurement. Two examples are shown
in Figures 2.

fulkHz]

220 225 230 235 220 225 230
fhllkHz] fhllkHz]

Figure 2. Vertical beam size versus betatron tune measured with CESRC-c wiggler turned OFF (left plot)
and at 2.1T wiggler magnetic field (right plot).

Here is depicted the vertical beam size as a function of betatron tunes on a 40x40 grid
measured with zero and 2.1T wiggler peak field and a flattened orbit. Both plots have the
same vertical beam size scale. Vertical beam size was measured using synchrotron light

monitor. To help identify resonances Figure 3 shows a resonance map corresponding to the
experimental condition.
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Figure 3. Resonance map for a scanned tune plane area. Shown are resonances seen in measurement.
Labels ($p, q, r, n$ ) indicate Sp f h+q f v+r f s=nf 08 resonance lines.}

On the map, only resonances seen in measurement are shown. The effect of the wiggler
field on the beam dynamics can by clear observed by comparison of these two measurements.
With wiggler field turned off, the scanned area is relatively clean. There are only 3 resonance
lines: -th+fv = 0, -fh+th-fs=0, fh+2fv+fs=2f0. With 2.1T wiggler field one can see 8
additional "working" resonances: -3fth+fv=-f0, th+fv-3fs=f0, 3fv=2f0, th+2{v+2fs=210,
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4th-+{v=310, 2th+fv+2{s=210, 2th-2fs=f0 and -3th+fv+fs=-f0 covering much bigger area then
the previous. Based on this observation one can conclude that in the given case the wiggler
nonlinearity is a major player in a nonlinear beam dynamics.

A tracking simulation of the observed effect of the wiggler field on beam dynamics is
progress.

2.8.4 Conclusion

The magnetic field of the first 7-pole super-conducting wiggler was characterized by the
magnetic and beam based measurements. Reasonable agreement has been found between
these measurements and the model calculations. Results of tune plane scanning suggest that
the effect of the wiggler field nonlinearity on beam dynamics dominates over the effect from
the rest of the ring and could compromise machine perfomance.

The part of the wiggler nonlinearity problem can be associated with the design specific.
In symmetric 7-pole configuration the central pole is compensated by two opposite polarity
end poles. But because of very different magnetic environment at the ends and in the middle
of the magnet this compensation can not be fulfilled completely. The corroboration of the
modeling of the CESR-c wigglers by the measurements presented above was an important
step in the decision for the final 8-pole configuration of the wigglers. In 8-pole design each
pole is compensated by the identical pole of opposite polarity. This provides better field
nonlinearity compensation in a wider range of the wiggler field excitation.
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2.9.1 Introduction to Injection into CESR

Since 1978 the Cornell Electron Storage Ring (CESR) facility has functioned as an
electron-positron collider. During its operation CESR has employed several injection
schemes, including the coalescing of positrons, injection with and without pretzeled orbits,
topping-off mode, and injection with horizontal and vertical separation. A feature common
to these injection methods has been the use of a full betatron wavelength bump at the
injection point, which is pulsed with a half-sinusoidal amplitude variation and has a duration
of 4 rotation periods (turns.) This bump typically places the stored beam centroid within 4
horizontal sigma of the injection septum’s vacuum chamber wall to reduce the oscillation
amplitude of the injected beam. The stored beam is left with no oscillation amplitude from
the pulsed bump, while the injected beam oscillates with its amplitude equal to the full
injected-beam-to-stored-beam displacement. A pinger magnet, which applies a constant
deflection to the beam for one turn, is timed to decrease the injected beam’s oscillation
amplitude and to cause the stored beam to acquire an amplitude equal to the reduction of the
injected beam’s oscillation. This sharing of the injected beam’s oscillation between the
stored and injected beam reduces the required injection aperture.

With the introduction of horizontal pretzel separation of multibunch beams for collisions
in CESR, the available aperture in the arcs for electron injection was substantially reduced by
the aperture needed for the stored positron beam. To improve injection under these
conditions, several important techniques were developed. The first was to operate with
different tunes for the two beams to reduce the parasitic beam-beam coupling effects. This
was accomplished with sextupole control knobs, making use of the differential horizontal
displacements of the two beams in the sextupoles. Another technique was to operate on the
coupling resonance, effectively reducing the horizontal eigenmode’s emittance at the expense
of the vertical eigenmode. Since there is a large shift in the coherent uncoupled tunes from
the beam-beam interaction as the electron beam is filled to full current against the stored
positrons, the coupling resonance width must be large enough to maintain the electron beam
on resonance. In addition, off-energy injection is routinely employed to reduce the betatron
motion of the injected electrons at the expense of increasing the synchrotron motion. Lastly
bunch-by-bunch beam stabilizing feedback was added to damp coherent horizontal,
longitudinal and vertical motion. The most demanding part of the injection process is the
injection of electrons in the presence of the stored positron beam, since this requires adequate
apertures for both stored beams and for the injected bunches of electrons

During the last year, CESR has begun the conversion from a beam energy of 5 GeV to
operations at energies near the charm threshold (1.5 to 2.5 GeV.) In the initial studies of this
new configuration from September 2002 through January 2003, only one of the new
superconducting damping wigglers was installed. Despite the additional damping provided
by two CHESS low field permanent magnet wigglers, the overall increased radiation
damping time, as compared with 5 GeV operation, had a significant impact on injection. The
most obvious effect is that the injection repetition rate, normally at 60 Hz, must be reduced to
7.5 Hz to allow for enough damping of the injected electrons before the next injection cycle.
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In addition the multiple scattering of the injected beam in the thin window separating the
vacuum of the transport line from CESR’s vacuum causes an increase in the angular
distribution by about a factor of 3. Also, the initial optics had some compromises that
adversely affected injection. As a result of the increased machine studies time devoted to
injection, some new tools have been developed to assist in the study of injection and in
certifying the quality of new optics designs.

2.9.2 Analysis of Injection Transients

In 2002 the electronics for about 15 (of the 100 total) beam position monitors (BPM’s) in
CESR were upgraded to give higher position resolution and to allow for the single shot
acquisition of 1000 turns of position and intensity data, even at the low injected beam
currents. The increased resolution and the transient acquisition capability allow the
collection of BPM data in a variety of injection conditions. Software has been developed for
analyzing these transient measurements by projecting freely propagating uncoupled betatron
and energy oscillations forward from the injection point in CESR. For the horizontal and
vertical position data for each detector, the analysis begins by subtracting the average
horizontal and vertical position, respectively, from the data. The remaining “transient”
undergoes a least-squares fit for the parameters ay, a;, ¢, and c¢; which uses all the BPM’s for
N turns and has the following general form,

no +N

2
23S {xdn—(xdn)—(l O Tao T[4 - . 0) E (‘;0((22;)}

a,(ny)

with m = n — ny, where the fit begins on the no—th turn after the injection transient, d is the
detector index, X4y is the position at detector d on the n-th turn and the angle brackets denote
the average. In this equation, Ty is the 2-by-2 one turn betatron transport matrix at the
injection point, Tqo is the transport matrix from the injection point to detector d. The
dispersion at detector d is denoted as Mg and Eq is given by

E . [ cos u, sin u,)
% \-sin u, cos u,

where the total synchrotron oscillation phase advance is u, = 2 @ Q,, with Q, denoting the
synchrotron tune. This equation represents the single-turn transport of the synchrotron
oscillation and applies since the 15 detectors occupy a continuous region of the ring. The
equation for > above is used in this form for the analysis of the horizontal BPM data, but the
term involving ¢y, and c; is excluded when fitting the vertical BPM data. In addition, the
matrix Too is written explicitly in terms of uy = 2 7 Qx or uy = 2 & Qy, where Qy and Qy are
the betatron tunes. In a separate step, the tunes are varied to minimize the fit and, using these
tunes, ao, a;, Co, and c; are again calculated. These steps are repeated until a minimum Xz 1S
reached.

For CESR, N is chosen to be 42 turns since this encompasses a few synchrotron
oscillation periods. To assure that the beam motion propagates as a free betatron and
synchrotron oscillation, the fit begins on turn 5 to be certain that all deflections from the
pulsed bumps and pinger do not affect the fit. The results are presented into two different
formats. One gives the best-fit values for the projection of the initial injection coordinates, X,
x’,y,y’,0,and & = Az / (o, C), where Az is the change of path length, o, is the momentum
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compaction factor and C is the circumference of the ring. These results are also written in
terms of one form of action-angle variables, Ay, 0 «, Ay, 0, A,, and 0 ,, which here are
defined as

Au=‘/u2+(auu+/3uu')2 6u=tan‘1(—auu;ﬁuu\

Ay=yoZr (a0 eftan—l(%')

and where u refers to either x or y. In addition, the fitted values of uy, uy, and u, are
described in terms of their oscillation frequencies. The second format presents a set of 9
plots which give the initial injection coordinates in action-angle variables and the three
oscillation phase advances per turn as a function of the starting turn, no, for the fit, as ng is
moved along in 7 turn steps. The projected injection angles from fit windows starting with
later initial turns are corrected with the fitted values of uy, uy, and w, from windows starting
with earlier turns. The successful correction of these tune changes will be visible as a
constant projected 0 , 0 y, or 0 , as the initial turn of the fit window is varied.

Table 1. Results from fits of the initial injection oscillation of a single bunch of electrons projected to the
injection point. The spatial coordinates, x, x’, y, y’, 6, and &’, as well as the action-angle coordinates, A,,
0 Ay, 04, A, and 0 ,, are described in the text. f,, f,, and f, are the fitted frequencies of the horizontal,
vertical and longitudinal oscillations.

Horizontal Vertical Longitudinal
X 0.51 mm y 1.2 mm d 44  x10°
X’ 0.34  mrad y’ 0.13 mrad o’ 04 x10°
A 7.6  mm Ay 13 mm A, 45  x10°
0 « 1.50  rad 0y 0.57  rad 0, 2.65 rad
fx 206.8 KHz fy 242.8 KHz f, 364 KHz

Results are given in Table 1 for the 42-turn fit to data beginning on turn 5 from one
measurement of the oscillation of an injected electron bunch. These results imply a 7.6 mm
horizontal injection oscillation as observed at the injection point while the vertical has a
small oscillation amplitude. This bunch was injected into CESR 0.4% below the storage
ring’s energy. All three fitted oscillation frequencies are in good agreement with the
injection optics working point. Figure 1 presents the plots of the fits from stepping the fit
window along the injection transient. The horizontal fits show the initial 7.6 mm oscillation
amplitude “damps” in about 400 turns, while over the same time, uy remains relatively
constant (as is seen in relatively flat fits for both ux and 0 y.) This “damping” of the motion
is not due radiation damping, which is approximately 34,000 turns, or feedback (as the
injected bunch signal is below the system’s noise threshold), but rather represents the
decoherence of the bunch’s motion. When the position signal decoheres sufficiently after
turn 420, the fitting of pux and, hence, 6 x becomes poor. The longitudinal motion also
indicates a decoherence of its motion with a charactreristic time constant of about 1200 turns.
As observed in the plot of A, vs. turns, there is no significant change in the bunch’s
synchrotron frequency over the data sample. The fits to the vertical position data appear to
be good fits only for the first 200 turns, probably due at least in part to the very small initial
amplitude. After turn 200, the fitting of the vertical frequency and the oscillation phase
become unreliable. The apparent oscillation of the vertical amplitude within the first 200




61

turns is suggestive of some possible horizontal-to-vertical coupling of the motion, but no firm
conclusion may be drawn from this analysis.
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Figure 1. Plots of A,, 0 ,, Ay, 0, A,, and 0 , vs. the initial turn number of the 42 turn fit window as the
initial turn is changed. In the remaining plots, M,, M,, and M, refer to u,, u,, and y,, respectively.

A number of sets of data for the injected or stored beams, containing injection transients
under different conditions during January 2003 at 1.8 GeV have been acquired and analyzed.
A summary of these results is presented in Table 2; the uncertainties represent a combination
of statistical and estimated systematic errors. The total displacement of the injected beam
relative to the stored beam at the septum magnet equals the sum of the amplitude for the
injected beam from the pulsed bump, the amplitude for the stored beam from the pinger and
the dispersion at the injection point (1.5 m) times the fractional energy error, giving 18 mm
in reasonable good agreement with the expected displacement.
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Table 2. Summary of the transient position measurements at 1.8 GeV beam energy and for injection
conditions with different pulsed elements firing. The horizontal and vertical results represent the
oscillation amplitudes, while the longitudinal is the fractional energy deviation amplitude. All results are
projections to the injection point at the injection time for electrons.

Amplitude

Condition

Horizontal Vertical Longitudinal

Injected Electrons
with Pulsed Bumper | 74+0.7 mm | 13401 mm | 47+02 x10°
and Pinger Magnets
Stored Electrons with
Pulsed Bumper 1.6£03 mm | 0.17+0.02 mm | 0.1+0.1 x 107
Magnets

Stored Electrons with
Pulsed Pinger Magnet | 3.5+0.3 mm | 0.39+0.05 mm | 0.2+0.1 x 107

2.9.3 Characterization of Optics Designs

The ability to analyze the injection trajectories with reasonable accuracy suggests that
this information may be applied to improving the modeling of injection of electrons against
stored positrons. One facet of this conclusion is that it should be possible to make a more
realistic computation of the physical space required by the injected and stored beams during
the injection process. The physical space required for each beam is defined as the volume
that contains the injection oscillations plus some number of sigma of the beam’s size. One
method to determine this injection volume for each beam would be via by tracking multiple
particles representing the distribution of this beam, and then keeping track of space in which
particles survive some large number of turns. This approach requires substantial computing
time and a good representation of the particle distributions in the beams. Another, albeit
approximate, method is considered here as a much less computationally intensive approach to
studying the injection properties of a set of optics.

The new approach defines an envelope for each beam as the physical space occupied by
the beam’s centroid and is expected to be useful when the motion of the centroid is
comparable to or larger than the size of the beam. This choice of a definition for the beam’s
envelope removes from the analysis any questions concerning the particle distribution
immediately preceding the injection process. A further assumption is that as a beam
oscillates, undergoing betatron or synchrotron motion, the damping of this motion occurs
after a large number of oscillations such that the maximum amplitude of the oscillation will
be achieved at every point around the storage ring. This additional assumption gives a
limiting envelope for the beam and simplifies the calculation so that this envelope may be
easily computed at each element in the storage ring. From this envelope and the known
pretzel displaced equilibrium orbits of each beam, the clearance of the envelope from the
physical aperture or the centroid of the other beam is then calculated. In the present
implementation of the software this clearance is presented both in the units of length and in
terms of the number beam-size sigma of stored beam.

At any location s in the ring, the analysis may be described as follows. (For simplicity
only the x direction will be described here.) The calculation makes use of the local beta-
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function fx and dispersion 1y and, for the computation of the beam-size oy, the global
properties of the stored beam’s emittance € and fractional energy spread o;.

Ox =\/5x/5x +[nx6E]2

At this same location the pretzel displacement of the orbit for the stored beam x, and
maximum displacement due to the pulsed bump xpp are required. Any betatron injection
oscillations will be described by their equivalent action (in the same units as the emittance),
while energy oscillations will be characterized by their maximum fractional energy amplitude.

At s the envelope for the stored electrons X, is then

Xge = max{|xPB|, |‘/Asep’x }+

where A is the horizontal action from residual oscillations and 0y is the energy oscillation
amplitude, both produced by the pinger and any non-closure of the pulsed bumps for the
stored electrons. Thus the wall clearance for the stored electrons X, s is

Ny Oy se

X . ..=A

Gse wall — |Xp| - X

se

where the half aperture A . is reduced by the displacement of the pretzeled orbit and the
stored electron envelope. A negative value implies scraping.

The action of the betatron injection oscillation of the injected bunch A is

- e an) [, (1) -, (1006, |- A B (10) [ ()}

A
© B, (Inj)

where (Inj) designates the value is taken at the injection point, x(Inj) is the displacement of
the injected beam from the storage ring axis, Oje is the fractional energy error of the injected

beam and Apijyg, ie is the action removed from the injected beam’s oscillation by the pinger
magnet. Thus the injected electron’s envelope X;e is

Xie =\/Aie By +

So that the injected beam’s wall clearance is written as

nx 616

X ..=A

G ie wall =

x| - x,

1e

and the injected beam’s clearance of the stored positrons X e+ 1S

Xc,ie+ = lepl_xie _vAseﬂx -

where the last two terms give the positron beam’s envelope. In writing this expression two
assumptions have been made, the pretzel displacement is opposite in sign for the positron
stored beam and the magnitudes of the oscillation transients are same for the stored positron
and electron beams.

Ny Oge



64

Wall Clearances for Electrons
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Figure 2. Wall clearances for the stored and injected electron beams around the entire storage ring. The
section of the stored electron wall clearance plot, which is in blue, represents the reduced clearance due to
the pulsed bump. The vertical green line marks the injection point.

The results of the analysis of the injection trajectories, which were described in the
previous section, have been used as inputs for software that calculates the envelopes and
clearances. For the calculations shown here, it has been assumed that the vertical size of the
beam has been increased due to the full emittance coupling from the horizontal, which in turn
reduces the horizontal emittance to half its uncoupled value. Figure 2 shows the wall
clearances for the stored and injected electron beams in the 1.8 GeV optics used in January
2003. The wall clearance for the stored beam is at least 24 mm in the arc of CESR, except in
the region of the pulsed bump, which is plotted in blue. The stored beam is permitted a much
closer approach of the wall by the injection septum, since the pulsed bump only places the
stored beam in proximity of the wall for one turn per injection cycle (7.5 to 60 Hz.) The wall
clearance is at least 9 horizontal sigma around the ring except in the pulsed bump. Notice the
pulsed bump clearance at 510 m (the injection point, where the clearance is 4 sigma,) is
greater than at 520 and 560 m. These optics required a closed orbit bump placed with peaks
near 520 and 560 m to improve the lifetime of the stored beam when the pulsed bump was
triggered. This analysis predicts that the centroid of the injected will have the closest
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approach to the wall at 40 m. This region also required a closed orbit bump to optimize
injection.

Positron Beam Clearance for Injected Electron Beam
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Figure 3. Clearance between the stored positron beam and the injected electrons. The plot shows only
regions in the ring near the locations where the injected electrons encounter trains of positrons bunches.

The clearance of the injected electrons from the stored positron beam is shown in Figure
3. Here the results show that, although the injected beam clears the center of the stored
positron beam most places, it will approach or pass through the center of the positron beam in
a few locations. Although the accuracy of these predictions has not yet been confirmed, in
practice it was quite difficult to produce good injection rates in these optics in January 2003.

2.9.4 Conclusions

The analysis of BPM data taken during injection transients appears to be a useful tool for
the understanding of the injection process. In addition to helping to understand and evaluate
injection into CESR, these tools are expected to give statistical information about the quality
of the beam as it emerges after acceleration in the linear accelerator and synchrotron.

Even with the simplifying assumptions, the analysis method for evaluating optics for
injection based on the envelope and clearance of the beam centroids should become quite
useful after some experience observing conditions that have differing levels of success with
injection. One must be careful to remember that although these assumptions are sufficient to
predict successful injection, they are not absolutely necessary. In particular how close an
injected electron bunch may pass by a stored positron bunch time after time before a
significant number of electrons are lost is not known very well, nor is its dependence on the
stored beam current.
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2.10 Progress of the PEP-II B-Factory ~

J. Seeman, M. Browne, Y. Cai, W. Colocho, F.-J. Decker, M. Donald, S. Ecklund, R. Erickson,
A. Fisher, J. Fox, S. Heifets, R. Iverson, W. Kozanecki, P. Krejcik, A. Kulikov, A.
Novokhatski,  P. Schuh, H. Schwarz, M. Stanek, M. Sullivan, D. Teytelman, J. Turner,
U. Wienands, Y. Yan, J. Yocky, SLAC, Stanford, CA 94309, USA;

M. Biagini, INFN, Frascati, Italy; M. Zisman, LBNL, Berkeley, CA 94720, USA

mailto: seeman(@slac.stanford.edu

Abstract

PEP-II is an e'e B-Factory Collider located at SLAC operating at the Upsilon 4S
resonance. PEP-II has delivered, over the past five years, an integrated luminosity to the
BaBar detector of over 139 fb' and has reached a luminosity of 6.58x10°%/cm?/s. Steady
progress is being made in reaching higher luminosity. The goal over the next several years is
to reach a luminosity of at least 2x10°*/cm?/s. The accelerator physics issues being addressed
in PEP-II to reach this goal include the electron cloud instability, beam-beam effects,
parasitic beam-beam effects, high RF beam loading, shorter bunches, lower betay*,
interaction region operation, and coupling control. A view of the PEP-II tunnel is shown in
Figure 1.

The present parameters of the PEP-II B-Factory are shown in Table 1 compared to the
design. The present peak luminosity is 219% of design and the best integrated luminosity per
month is 7.4 fb™' that is 225% of design. The best luminosity per month is shown in Figure 2.
The integrated luminosity over a month is shown in Figure 3 and the total integrated
luminosity in shown in Figure 4.

The progress in luminosity has come from correcting the orbits, adding specific orbit
bumps to correct coupling and dispersion issues, lowering the beta y* in the LER, and
moving the fractional horizontal tunes in both rings to just above the half integer (<0.52).

* Supported by US DOE contracts DE-AC03-76SF00515 and DE-AC03-76SF00098.



Table 1: PEP-II June 2003 Parameters.

Par ameter PEE-I I PEP-I1
Design Present
Energy (GeV) 3.07x9 3.1x8.97
HER Vertical tune 23.64 23.57
HER Horizontal tune | 24.62 24.516
LER Vertical tune 36.64 36.63
LER Horizontal tune | 38.57 38.509
HER current (mA) 750 1175
LER current (mA) 2140 1550
Number of bunches 1658 1034
Ion gap (%) 5 2.6
HER RF klystron/cav | 5/20 7/24
HER RF volts (MV) 14.0 11.5
LER RF klystron/cav. | 2/4 3/6
LER RF volts (MV) 34 32
B,* (mm) 15-25 12
B,* (cm) 50 35
Emittance (x/y) (nm) | 49/2 21t049/3
o, (mm) 11 12
Lum hourglass factor | 0.9 0.84
Crossing angle(mrad) | O <0.5
IP Horiz. size X (um) | 222 150
IP Vert. Size X (um) 6.7 6.8
HER Horizontal &, 0.03 0.071
HER Vertical &, 0.03 0.054
LER Horizontal &, 0.03 0.070
LER Vertical &, 0.03 0.059
Lumin. (x10*/cm?s) | 3.00 6.58
Int. Lum/month (fb™!) | 3.3 7.4
Integ. Lumin. (fb™) 100 (for CP) | 139
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2.10.1 Run 3 Status

PEP-II has been providing colliding beam